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DESCRIPTON OF SYMBOLS AND NOTATION

VYtnr: Bold face type indicates a vector quantity. The subscript represents a reference
point. The superscript represents a reference coordinate frame. For example,

NCO

should be interpreted as the acceleration vector of the point A relative to point B expressed in
the C coordinate frame. The only exception to this rule is in the case of unit vectors or x, y,
and z projections of a vector. In these cases, the coordinate frame will appear as a subscript.

Coordinate Frames (used as subscripts or sumesriptsW:

L - Local Vertical Local Horizontal (LVLH)
SS - Space Shuttle
C - Centrifuge
P - Crewmember (center of mass)
H - Pilot Head
O - Head Otolith
T - Tangential in centrifuge frame
R - Radial in centrifuge frame
x - Denotes X-axis projection of vector in any frame
y - Denotes Y-axis projection of vector in any frame
z - Denotes Z-axis projection or vector in any frame

Uni Vctos:

I - X-axis

j - Y-axis

k - Z-axis
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a - accleaion vector [length-sec 2]
AFR - afferent firing rates (impulse-sec"']
C - cosine of an angle
E - energy [force length]
go - Earth's gravitational acceleration (9.81 m'sec2]
Go Earth's gravitational acceleration in units of go
G - acceleration vector normalized expressed in multiples of go

H - angular momentum [mass-length-.sec']
I - mass moment of inertia (mass length2]
K - control compensator gain
L - 3 x 3 coordinate system rotation matrix
M - moment (force length]
P - Power (energy.sec"]
r - centrifuge radius (length]
r - position vector [length]
s - Laplace transformation variable
S - sine of an angle
v - velocity vector (length-sec-1]
t - time (sec]
TL - canal long time constant [sec]

a - angular acceleration vector [deg-sec 2]
,y - angular position vector [deg]
S- incremental change or perturbation of a quantity
e - error value [any unit]

- dynamic system time constant (sec]
w - angular velocity vector (deg-s-1]

Time Derivatives:

- First time derivative
"- Second time derivative
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1.0 Summary.

Biodynamic Research Corporation (BRC) of San Antonio, TX, completed an SBIR Phase I
project to study the concept of a short radius centrifuge for use in a microgravity
environment. The impetus for this project was the desire to further studies of a conceptual
short radius centrifuge as a mechanism to ameliorate the effects of microgravity
deconditioning.1 From an orbital dynamics consideration, motion of the centrifuge and
riders can cause destabilizing forces and moments to be applied to the orbiting platform.
Physiologically, centrifugation may exacerbate the discomfort associated with motion in
wicrogravity and create an increased potential for disorientation. Furthermore, although
research has shown short radius centrifugation to be tolerable on earth, there have been no
studies of the effect of centrifugation on the cardiovascular system in microgravity.

To quantify the dynamic effects of centrifugation on an orbital platform, we considered as a
baseline configuration a 200 cm radius centrifuge to be operated in a pressurized enclosure of
the space shuttle payload bay. The device was considered to be aligned with a spin axis
parallel to the shuttle x-axis, which points from the nose towards the engines. To minimize
the angular velocity of the centrifuge, the riders are assumed to be positioned with the top of
their heads approximately 100 cm from the center of the device.

Parametric studies of the centrifuge with a singie rider indicate the dynamic imbalance from
the rotating mass will cause the shuttle center of mass to move in a circular path with
diameter of 0.1 cm and cause an angular displacement on the order of 0.01 0 from the shuttle
x-axis. Although the force and moment caused by the imbalance are large in magnitude,
they result in accelerations to the shuttle, approximately 10"3 G, in a frequency range that has
been tolerated on other spacecraft. Methods for reducing and eliminating the imbalance are
described. The simplest solution is to piace a second rider opposite the first on the
centrifuge. This reduces the dynamic imbalance effect by 50% or more, however an
additional mechanism is required to reduce the imbalance further. We propose an automated
mechanism with a moveable countermass to continually balance the centrifuge. The addition
of this device should eliminate most of the shuttle oscillation caused by the imbalance.

Centrifugation with a single rider will also produce a drive moment, from angular
acceleration of the crewmember inertia, and gyroscopic moment, from the motion of the
centrifuge spin axis due to shuttle maneuvering and orbiting. Compensation for these
moments may be of more concern than the imbalance moment because they potentially act
over long durations. To eliminate these moments, we propose a counter-rotating inertia
similar to conventional spacecraft reaction wheels. To minimize the mass, the counter-
rotating inertia could be rotated at a faster rate than the centrifuge.

Ve also considered the use of pedalling to drive the centrifuge. Sustainable power and
torque outputs from a single rider should be adequate to drive the centrifuge, either through a
direct mechanical connection or by conversion to electrical power.
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Dynamic mathematical models of the vestibular system were used to determine how the rider
would be affected by centrifugation. Literature from other excursions in space indicate
microgravity causes normal small translations of the head to cause discomfort through
stimulation of the otoliths. The radial acceleration of the centrifuge may help alleviate this
discomfort. The angular motion of the centrifuge, on the other hand, will create the
potential for disorientation or discomfort by stimulation of the semicircular canals. Of
particular concern is the potential for the cross-coupling illusion, which may be more
prevalent for riders on the centrifuge than for high performance aircraft pilots.

To be of use in ameliorating the effects of microgravity on the cardiovascular system, the
short radius centrifuge must be able to create enough fluid static pressure difference in the
rider to stimulate the cardiovascular system. A mathematical model of the human
cardiovascular system indicates that centrifugation at a short radius in space would indeed
stimdate the heart, even though there is a significant acceleration gradient from head to toe.
The predicted static pressures throughout the cardiovascular system for centrifugation in
microgravity are similar to the pressures of centrifuge riders on earth.
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2.0 Intr1Woduion

This final report concludes an effort by Biodynamic Research Corporation (BRC) of San
Antonio, TX to conduct a parametric study of the use of a short arm centrifuge for space
applicationL The effort was conducted under Contract 1F41624-93-C-6011 through the
Armstrong Laboratory and is entitled "Modelling Platform Dynamics and Physiologic
Response to Short Arm Centrifugation."

The study emanates from the desire to use centrifuges as a countermeasur to prevent the
physiologic deconditionng of astronauts exposed to long term microgravity environments.
An Air Force parametric design study for a small radius centrifuge revealed such a centrifuge
could fit on the NASA Space Shuttle and provide artificial gravity and exercise for
crwmembers. An SBIR Phase I project was awarded to BRC to investigate several
physiological effects of short radius centrifugation, as well as assess the impact of the
centrifuge motion on the space shuttle dynamics. Specifically, the objectives of the Phase I
project are listed below:

(1) To develop a kinematic model of the acceleration produced by a short radius
centriftge.

(2) To develop a simple mathematical model of the steady state cardiovascular response
to short radius centrifugation.

(3) To develop a mathematical model of the crewmember vestibular stimulus and
response produced by short radius centrifugation.

(4) To assess the effects of centrifugation on the orbiting platform and consider
methods for negating destabilizing forces and moments.

Biodynamic Research Corporation performed all of the analysis for this contract. This final
report documents and summarizes the work generally according to the objectives outlined
above. Chapter 3 of this final report provides background on physiologic deconditioning in
mi-rogravity and the use of centrifuges for space application. Chapter 4 describes the
kinematics and dynamics of a space-based centrifuge, typical destabilizing forces and
moments transmitted to the orbiting platform, and methods for eliminating destabilizing
forces and moments. Finally, Chapter 5 describes some of the physiologic effects of
cenu on in space, including simulations of the theoretical vestibular response and
cardiovascular effects of centrifugation.

7



SECTION 3.0



3.0 Teckhncl lDh r.emd and Uterature Review

Much research has ben conducted in the areas of physiologic deconditioning due to exposure
to miyrlgavt nad the pos'blameliorating effects of centrifugation. In this chapter, we
review me of the physiologic effects and briefly trace the history and technical literature-iisn spaceband menafuges.

3.1 Mdropoty D m udlth'h-g.

Humans and animals have evolved adaptation to earth's gravity to maintain physiologic
hIeI1 . Prolmged posre to microgravity, such as that expefienced by astronauts,
has several negative -hysio effects collectively termed deconditioning. Some of the
most significant effects incude:3

"* fluid shift and decreased plasma volume;
" orthostatic intolerance;
"* reduced tolerance to increased +G, acceleration;
* negative calcium balance, resulting in the loss of bone;
"* possible immunou ion; and
"* muscle atroph.

The mclskeletal system is susceptible to changes in acceleration loading. Studies in
microrlavity have shown a reduction in skeletal muscle mass in long duration exposures,
which can be partially offset by physical exercise.2 Bone mass losses are primarily losses in
mineral content, which changes the mechanical properties of bones. The magnitude of
muscle atrophy and bone demineralization has been shown to be directly related to the length
of mic ty exposure.4

Orthostatic intolerance is regarded as a potentially serious cardiovascular consequence of
microgravity emosure. The intolerance is attributable to the absence of hydrostatic pressure
gradients in microgravity.4 The lack of a head-to-foot gradient causes a significant shift in
fluid fiom the lower body to the head and chest after several days in space. Other
physiologic responses reduce the total blood volume to accommodate the fluid shift, and a
new circulatory homeostasis is achieved. When the cardiovascular system is once again
exosed to gravity, it is unable to compensate properly for the pressure gradient.

Although these effects may not necessarily jeopardize a mission in space, orbital experiences
and postflight medical exm inations of astronauts have suggested deconditioning may
interfere with perfotrance during reentry and subsequent life on earth.4• It is important
that humans be able to survive a long duration exposure to microgravity and return safely to
earth's gravity.
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3.2 Centriftue for Space AppIatiom.

Since the cause of physiologic deconditioning in microgravity is the absence of gravity, the
most obvious means for reducing the effects is to simulate the gravitational loading found on
earth. Other interventions have been tried; for example, in-flight exercise regimens have
been shown to provide protection against different aspects of deconditioning.' Lower Body
Negative Pressure (LBNP) has also been used to improve post-flight orthostatic intolerance.

Even more useful for preventing deconditioning might be the radial acceleration c.-eated by a
centrifuge.6 Scientific evidence indicates that periodic stimulation of the body by
acceleration causes a physiologic response that persists after the stimulation. 2 Numerous
studies advocate centrifugation as a countermeasure to space deconditioning. Ij.7.8,9.10

Acceleration magnitude and duration appear to be interactive; increasing the acceleration
magnitude may reduce the time required to ameliorate deconditioning.2

In a spacecraft, where size is a prime consideration, a centrifuge has to have a small radius.
Since the acceleration at a point on the centrifuge is dependent on the distance from the
center (discussed more fully in Chapter 4), an acceleration gradient exists across the
crewmember. The cardiovascular effects of this gradient are discussed in Chapter 5.
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4.0 Platform and Centrifuge Dynamics

The motion of the short radius centrifuge and riders has the potential to transmit destabilizing
forces and moments to the orbiting platform. For this report, we have assumed the orbiting
platform is the space shuttle. In Sections 4.1 and 4.2 convenient coordinate frames are
identified and the three-dimensional dynamics of the centrifuge and shuttle are described.
Section 4.3 quantifies the reaction forces and moments that result from centrifugation, and
the results of a shuttle dynamic simulation are presented. In Section 4.4, the use of rider
pedaling for aerobic exercise and as a means to drive the centrifuge is discussed. Methods
for eliminating mass imbalance and compensating for centrifugation and pedalling moments
are described in Section 4.5. Finally, Section 4.6 summarizes the results of Chapter 4 and
presents some concept designs for a pedal-powered space centrifuge.

4.1 Coordinate Frames and Kinematlcs.

Analysis of the motion of the centrifuge, space shuttle, and crewmember requires the
identification and definition of appropriate coordinate frames. Four coordinate frames are
used for the shuttle, centrifuge, and crewmember kinematics: (1) an orbital Local Vertical
Local Horizontal (LVLH) frame; (2) a space shuttle fixed frame; (3) a centrifuge fixed
frame; and, (4) a crewmember fixed frame. Each frame is described in detail below and
depicted in Figure 4-1.

(1) LVLH. The Local Vertical Local Horizontal coordinate frame is defined by the orbital
plane of the space shuttle and moves with the shuttle. The LVLH z-axis always points
towards the center of the earth. The x-axis always points in the direction of tangential
velocity of the shuttle. The y-axis is orthogonal to the x and z axes and represents a
unit normal to the orbital plane of the shuttle. This frame is denoted by the letter L.

(2) Space Shuttle Fixed. This coordinate system is fixed to the space shuttle center of mass
and moves with the shuttle. The x-axis points from the nose to the engines of the
shuttle. The z-axis is directed normal to the shuttle wings with the top of the shuttle
being the positive direction. The y-axis is directed from the shuttle out towards the
right. This frame is denoted by the letters SS.

(3) Centrifuge. This coordinate frame is fixed to the center of the centrifuge. The x-axis
is the spin axis, and the y and z axes are selected to be parallel to the shuttle axes.
This frame is denoted by the letter C.

(4) Crewmember. This coordinate frame is fixed to the center of mass of a crewmember
on the centrifuge. The z-axis points from head to toe, the x-axis points forward, and
the y-axis points out the right side of the subject. This frame is denoted by the letter P.

15



Figure 4- 1. Centrifuge wid Shuttle Coordinate Systems
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4.2 ltorm and Centrifuge Kinematics and Dynamics.

To simplify the analysis of the shuttle and centrifuge motion, BRC made several
assumptions:

(1) The orbital velocity, eccentricity, altitude, and other aspects of the shuttle orbit were
not considered in the analysis.

(2) Deviations in the shuttle orientation were considered small enough that the original
unrotated axes were used to express the motion.

(3) Movement of the centrifuge and riders causes a negligible change in the center of mass
and inertia of the shuttle. This alleviates the need to recompute the shuttle mass
propeties for centrifuge simulations and parametric studies.

(4) Space shuttle and centrifuge mass properties information were obtained from an Air
Force publication.' Human data was obtained from an anthropometry source.

(5) Unless otherwise noted, dynamic and kinematic vector quantities are assumed to be with
respect to the space shuttle coordinate frame.

(6) The existing momentum management system of the space shuttle was not considered;
we assumed the shuttle has no source for angular momentum storage or resistance other
than the motion of the centrifuge and the shuttle inertia.

The total angular velocity and acceleration of the short arm centrifuge due to angular motion
of the shuttle and centrifugation can be found from:

6)- 6)SS , I [4-1]

and

4C = USS 4, & )SS÷ x .c -[4-2]

Then, the velocity and acceleration of a crewmember, P, on the short arm centrifuge can be
computed with the following expressions:

VP = Vis 6)C Xr.m , [4-3]

and

SP - ass + &C x r.. + wex(acxTrpys) [4-4]
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Assuming that the motion of the shuttle is negligible compared to that of the centrifuge, the
magnitude of the radial and tangential acceleration of a subject whose center of mass is
located at the point P can be approximated by:

a. - o c' (4-5]

and

a. a Ct W"I. [4-6]

Because the effect of gravity cn an orbiting centrifuge is negligible, crewmembers can be
arbitrarily placed on the centrifuge while it is motionless without static balance requirements.
Once the centrifuge is accelerated, however, dynamic imbalance of the rider masses can
impart a force and moment to the shuttle. The reaction furce generated by centrifuge
dynamic imbalance is quantifled.by:

F =" -- E (,,.a? •(4-7

Since this is assumed to be the only disturbing force on the shuttle, translational motion of
the shuttle center of mass can then be computed from:

ass =_-- [4-8]

If the centrifuge is not located at the space shuttle center of mass, the force due to imbalance
applied at a distance will create an imbalance moment on the shuttle:

Mf = rMxF&& - [4-9]

Angular acceleration of the centrifuge and precession of the centrifuge while spinning due to
shuttle motions will also transmit disturbing moments to the shuttle. Consider that the
motion of the centrifuge is governed by:

E = (did) +WISxHC [4-10]

where

Hc - 'cbascm [4-111
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and the inertia of the centrifuge about the xc axis can be computed from:

,C - IQk" + E(K + MP,4 ) ,[4-12]

where pi represents each of the crewmembers.

Substituting Equation 4-11 into 4-10 yields an expression for the moments created by the
centrifuge:

E MC - ISS + (axssXc .ca [4-13]

An alternate form for Equation 4-13 is:

E c - Md*, +Mo , [4-14]

where

MN,, -cai , [4-15]

and

M -= ss X4,6Cl . [4-16]

Angular motion of the space shuttle due to the mass imbalance -moment and centrifuge drive
and gyroscopic moments is computed from:

EMS - Ass, [4-17]

where

d- = -a • [4-18]

Substituting Equations 4-15, 4-16, and 4-18 into 4-17 yields the final expression for angular

motion of the space shuttle:

-n = .8(Mtl-A,-Afv) • [4-19]

Note in Equation 4-19 that the drive and gyroscopic. moments appear as negative quantities
because it is the equal and opposite reaction moments that act on the shuttle.

19



4.3 Paremetric Studies and Simulations.

Using the analysis of Section 4.2, the destabilizing forces and torques from centrifuge motion
are quantified in this section. First, it is necessary to summarize the anthropometry of
typical astronauts and the mass properties and dimensions of the shuttle and centrifuge. With
these values, expressions from Section 4.2 are used to describe motion of the centrifuge and
shuttle.

4.3.1 Crew, Centrifuge, and Shuttle Dimensions and Properties.

To assist in selecting the size of the centrifuge, the relevant anthropometric data for
astronauts are summarized in Table 4-1."1

The maximum diameter of the space shuttle crew compartmen' is approximately 130 cm,
which would permit a centrifuge with arm length of only 65 cm.1 From Table 4-1, it is
evident that even the shortest astronaut could not lie in a supine position on a centrifuge with
65 cm amm. The shuttle payload bay, however, is much larger than the crew compartment --
the nominal diameter is 457 cm.' A centrifuge with maximum arm length of approximately
225 cm could be used in the payload bay. For the 95 percentile male, the subject's head
could be positioned a maximum of approximately 125 cm from the center of the centrifuge.
For most of the parametric studies and simulations in this report, the crewmember's head is
positioned 100 cm from the center of the centrifuge. As in the Air Force study, we will
assume the centrifuge is located in a pressurized enclosure in the shuttle payload bay.!

For the dynamic motion analysis, mass properties for the shuttle were obtained from the
Meeker and Isdal-I study.' The total mass of the shuttle is estimated to be 98,122 kg, and
the inertia matrix about the center of mass is:

1,453,255 -7,544 -335,642

Iss = -7,54" 10,077,164 -10,259 kg.m 2  [4-20]

.- 335,642 -10,259 10,346,577

A typical single centrifuge arm could be fabricated from two pieces of 200 cm long
aluminum tube, with fabric stretched between to support the rider and straps to hold him in
place. If the mass of the structure is approximated at 12.5 kg and center of mass assumed to
be 100 cm from the centrifuge center, the momet of inertia of each arm will be 12.5 kg-m2 .
A two-arm centrifuge, which is discussed frequently in subsequent sections of this report,
would have a combined center of mass at the centrifuge axis, total mass of 25 kg, and
moment of inertia of 25 kg- i 2 . A schematic of a conceptual centrifuge configuration with
single rider is displayed in Figure 4-2.
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Figure 4-2. Centrifuge with Single Rider
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"Table 4-1. Crew Anthropometry, Squatting Position

DIMENSION MALE FEMALE

Stature
5* Percentile 169.7 cm 148.9 cm
50* Percentile 179.9 cm 157.0 cm
95* Percentile 190.1 cm 165.1 cm

Head to Heart (z-axis)'
5* Percentile 34.7 cm 29.4 cm
50* Percentile 35.8 cm 30.2 cm
95* Percentile 37.5 cm 30.9 cm

Head to COM (z-axis) 2

5* Percentile 51.6 cm 45.2 cm
50' Percentile 53.5 cm 46.7 cm
95* Percentile 55.4 cm 48.0 cm

Head to Buttocks (z-axis)3
5* Percentile 88.9 cm 78.3 cm
50' Percentile 94.2 cm 84.8 cm
95' Percentile 99.5 cm 91.2 cm

Mass
5* Percentile 65.8 kg 41.0 kg
50* Percentile 82.2 kg 51.5 kg
95* Percentile 98.5 kg 61.7 kg

Moment of Inertia (x-axisY'
5* Percentile 3.8 kg-m2  2.4 kg.m2

50" Percentile 4.9 kg-m2  3.1 kg-m 2

95* Percentile 6.0 kg'm 2  3.8 kg-m 2

' Approximate.

2 Estimated center of mass position for squatting pe-rson in microgravity. Female values estimated from ratio
of male center of mass position to male stature.

J Sitting position.

'Female values scaled from male values using mass ratio.
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Finally, we assume the position of the centrifuge in the shuttle is directly behind the crew
compartment, approximately 12.9 m forward of the shuttle center of mass.' This value will
be used to find the resultant couple moment on the shuttle from reaction forces at the
centrifuge axis. Of course, the centrifuge could be located at a different position, with a
potentially different effect to the shuttle.

4.3.2 Centrifuge and Shuttle Motion.

From Equation 4-5, radial acceleration of a point on the short arm centrifuge is proportional
to the distance of the point from the center and proportional to the square of the angular
velocity of the centrifuge. Neglecting the small acceleration component from shuttle motion,
Figure 4-3 displays the centrifuge angular velocity required to achieve different radial
accelerations as a function of the distance of the crewmember's head from the center of the
centrifuge. Typical operation of the centrifuge to achieve useful radial accelerations would
require rotation rates between 20 and 80 rpm.

Figure 4-3. Centrifuge Angular Velocity
for Different Heed Positions
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If a single rider is on the centrifuge, the centrifuge would be dynamically unbalanced and
would impose a reaction force and moment on the shuttle. Figure 4-4 displays the magnitude
of imbalance force as a result of a single 95 percentile male rider with his head at different
distances from the center and for different radial accelerations at his head location. Note that
in many of the following figures, the radial acceleration at the top of the head and distance
from the head to the spin axis will be the abscissa and legend. If the centrifuge is rotating at
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costant speed, the imbalance force can be represented as a sinusoid with components in the
centifuge y and z axes:

[421•.,- Mpa,,-•,a~ t) , [4-21]

and

. = m,•t scoa ct). [4-22]

Figure 4-4. Imbalance Force for Different Centrifuge
Accelerations and Rider Positions
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Since the imbalance force is sinusoidal, displacement of the shuttle center of mass will be in
a circular path. Equations 4-21 and 4-22 can be divided by the shuttle mass and integrated
twice to yield the linear displacement of the shuttle center of mass. The maximum
displacement due to a single 95% rider is on the order of 0.1 cm and is displayed in Figure
4-5. The displacement is computed with the following expression:

A ri an .60 [4-23]
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Figure 4-5. Shuttle C.O.M. Displacement for
Different Crewmember Positions
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Note from Equation 4-23 that the angular velocity of the centrifuge becomes irrelevant to the
steady circular motion of the shuttle.

For the shuttle with mass of approximately 98,000 kg, the centrifige imbalance force would
result in accelerations betwen 10-2 and 103 G, with a frequency on the order of I Hz. At a
distance of 12.9 meters forward of the shuttle center of mass, the rider mass imbalance will
create a disturbing couple moment. The moment caused by a single 95 percentile male rider
at different centrifuge radial accelerations is displayed in Figure 4-6. Obviously, this
moment is significant - on the order of 1(0 - 105 N-m. If we assume for simplicity that the
shuttle can be represented as a slender rod with uniform mass distribution, displayed in
Figure 4-7, the imbalance moment from a single rider would rotate in direction as the person
was centrifuged. Recalling Equation 4-10 for angular motion of a rigid body, the angular
motion of the rod could be expressed by the following component equations:
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Figure 4-6. bistubanc Maimsn Due to
Unbalanced Rider Mas
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Figure 4.7. Simple Shuttle Model
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-MOMOWW) Iuau7 , [4-24]

and

MW&C* -aIaOSS . [4-251

Integraft twice yields an expession for the approximate maximum angular displacements
due to the imbalance moment

= M6- [4-26]my,

Substituting a nominal value of 40 rpm for the angular velocity, 101 kgm 2 for the bar inertia,
and S(10)W N-m for the imbalance moment yields a maximum angular displacement of
appromatly 0.015°. This angular excursion might prove tolerable for some shuttle
InismiU

The maas imbalance is not the only dembilizing torque created by centrifugation. Angular
acwcleantion of die cmtifup relative to the shuttle to achieve a certain radial acceleration
requires a drive moment pl otional to the inertia and angular accelemion of the centrifuge.
This mouent wa described in Equation 4-15, and can be alternatively expressed as a
function of available power input.' Consider that rotational kinetic energy of the centrifuge
at a qeific angular velocity is defned as:

No -w• [4-27]

Knowing that power is the rate of change in energy, Equation 4-27 can be written to yield:

S2PA [4-28]
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Dffentdng yieds an exp sion for the angular acceleration of the centrifuge as a
function of the available power input and time to accelerate:

S- /1 . [4-29]N2IcAt

Using Equation 4-29, the time to achieve a certain radial acceleration is displayed for
different constant average power inputs in Figure 4-8. The average moment transmitted to
the shuttle during the centrifuge acceleration is displayed in Figure 4-9. Note that although
this moment is several orders of magnitude less than the imbalance moment, it is in a
constant direction and is about the axis of smallest shuttle inertia. Furthermore, once the
shuttle obtains a constant angular velocity, it will continue to rotate until the centrifuge is
slowed. Figure 4-10 displays the angular velocity of the shuttle after the centrifuge
accelerates to a certain radial acceleration. Notice that the resultant angular velocity of the
shuttle is a function only of the total energy input to the centrifuge. When the centrifuge
slows, the shuttle should return to nearly zero angular velocity.

Figure 4-8. Tirme to Accelerate Centrifuge
with Different Power Inputs
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Fileur 4-9. Average Centrihmue Drive Moment
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A third aspect of the centrifuge dynamics could potentially be destabilizing to the shuttle.
Attempting to maneuver the shuttle while the centrifuge is in operation will cause a
gyrocopic moment to be generated from the changing direction of the centrifuge angular
momentum vector. From Equation 4-16, the gyroscopic moment induced by centrifuge
rotation for different shuttle angular velocities is plotted in Figure 4-11. There is an
additional gyroscopic moment due to the anuar velocity of the shuttle around the earth.
The gyroscopic moment due to centrifuotion at a 250 mile altitude orbit is also plotted in
Figure 4-11. Like the drive moment, the gyroscopic moment is much smaller than the
imbalance moment and acts about a slowly moving axis.

Figure 4-11. Centrifuge Gyroscopic Moments for
Differnt R-'dI Accdustb
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'lb summarize, there are three potentially destabilizng moments and a single force of
concern during c--trifugation. Mass imbalatnce of the centrifuge riders causes both a
disturbing force and the largest magnitude moment, although both the force and moment
rotate with the centrifuge and have a net effect of zero. The drive moment to accelerate the
centrifuge and maintain a constant angular velocity is significant because it is about a
constant axis for potentially long durations. Finally, the gyroscopic effect of positioning the
shuttle while the centrifuge is in operation creates a relatively small magnitude moment that
acts about a slowly moving axis for potentially long durations. In fact, a small gyroscopic
moment will exist whenever the centrifuge is operated due to the orbit of the shuttle when
the shuttle orientaion is maintained with respect to local vertical.
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4.3.3 C u&fg and Shutte Dyýamc Shmalatlon.

A dynamic simulation was conducted of the shuttle during typical centrifuge operation. The
simulation featured a single 95 percentile male rider located 100 cm from the center of the
centrifut, with a desired radial acceleration at his head of 2 0. The total time of the
simulation was limited to 80 seconds to minimize the amount of data for analysis. There was
no attempt to balance the mass of the rider, nor were there any moment com son
devices.

Figure 4-12 displays do tangential and radial acceleration of th centrifuge. After approximately
15 seconds, the rider has achieved a radial acceleration of 2 G and t tangential acceleratin is
discontinued. At time 60 seconds e centrifuge is decelerated to a stop.

Figuro 4-12. Cemtrfg Radial and Tangmni
Ace-ae•atn for Skgle Ride at 100 cm
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As we described in Section 4.3.2, motion of the single rider will cause the shuttle center of
mass to translate in a circular path. Figure 4-13 displays the vector components of
translation of the shuttle center of mass. The actual data contains smooth sinusoidal motion,
however data sampling for plotting creates the slightly jagged look in the figure. During the
tangential acceleation period of the centrifuge, the shuttle acquires a small translational
velocity that persists after the centifuge ceases accelerating. It is because of this velocity
bias that t displacement of the shuttle center of mass slowly changes from its initial
position. The force from the centrifugation is plotted in Figure 4-14.
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Fioure 4-13. Shuttle COM Displacement
fronm a Single Centrifuge Rider
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Figure 4.14. Destablizing Forces to Shuttle
from Single Rider Centrifugation
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The destabilizing moment transmitted to the shuttle from the centrifuge acceleration and mass
imbalance are displayed in Figure 4-15. The small centrifuge drive moment and gyroscopic
moment are not noticeable on this figure because of the magnitude of the sinusoidal
imbalance moment. As noted earlier, the imbalance moment is on the order of 1O0 N-m.

Figure 4-15. Destabilizing Moments to Shuttle
from Single Rider Centrifugation
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The effwts of the disturbing moments on shuttle orientation are displayed in Figure 4-16.
The imbalance moment creates an angular precession of the shuttle in the yz-plane. The
centrifuge drive moment generates a constant velocity rotation of the shuttle about the x-axis
that continues until the centrifuge decelerates.
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Figure 4-1S. Shutte Angular Displacement
from Single Rider Centrifugation
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4.4 Human Powered Centrifuge.

In Section 3.1, we discussed the use of exercise to aid in preventing Space Adaptation
Syndrome and microgravity deconditioning. It is possible that the short arm centrifuge could
be powered by riders using a pedalling mechanism to drive the centrifuge."' 2 While this
provides the dual benefit of exercise and acceleration, it also requires additional centrifuge
complexity and introduces a new potential source for destabilizing moments to the shuttle. A
functional sketch of how the pedals might power the centrifuge is displayed in Figure 4-17.

An average person can exert between 25 and 100 Watts of power during moderate levels of
exercise. 3."' Typical pedalling speeds for cyclists range from 40 to 80 rpm, and pedal
torques range from 20 - 60 N'm during cycling.' 3". Thus, similar to an automobile engine,
the pedalling of a centrifuge rider will be limited by the torque he can generate at low rpm
and by the power output he can maintain at high rpm. Figure 4-18 displays the torque
required for pedalling at different speeds at different average power outputs.
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Figure 4-17. Centrifuge with Pedalling Rider
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Fgure 4-19. Torque-Speed Curve for PedMdkng
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While the centrifuge is accelerating, a drive moment equal to the product of the centrifuge
inertia and angular acceleration will be transmitted to the shuttle, as we described in
Equation 4-16. Pedalling power from the rider will be used to create the drive moment
through either a mechanical or electrical power transfer. The moment required to rotate the
pedals can be less than, equal, or greater than the centrifuge drive moment by using different
effective gear ratios in the power transfer. Since the torque and rpm range of Figure 4-18 is
similar to that required for the centrifuge (see Figures 4-3 and 4-9), we will assume there is
a net gear ratio from pedals to the centrifuge of unity.

Once the centrifuge reaches the desired speed, the pedalling torque should drop to a level
required to negate aerodynamic and friction effects. Since the purpose of the pedals is to
permit extended periods of exercise, a source of drag would have to be provided. A variable
friction load applied near the location of the pedals results in a constant moment being
transmitted to the shuttle that rotates in the centrifuge yz-plane as the centrifuge spins. This
moment will have a similar effect on the shuttle to the imbalance moment described earlier,
except that it will create a much smaller angular excursion of the shuttle. The moment
transmitted to the shuttle, assuming the rider is located 100 cm from the spin axis and there
is a unity gear ratio from pedals to the centrifuge, is displayed for different radial
accelerations and exercise power outputs in Figure 4-19.
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Figure 4-19. Disturbance Moment to Shuttle
from Subject Pedalling
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Another potentially destabilizing moment created by the motion of the pedals is a gyroscopic
moment that is proportional to the inertia of the pedals and rider's feet, the angular velocity
of the pedals, and the angular velocity of the centrifuge:

P0160 a WCxlpapa (4-30]

Unlike the gyroscopic moment caused by centrifuge and shuttle motion, which was present
only when the shuttle was repositioning (recall Equation 4-16), the gyroscopic moment due to
pedalling motion is always present while the centrifuge is spinning. This moment is
quantified in Figure 4-20 for different centrifuge radial accelerations. From the figure, it
evident that this gyroscopic moment is nearly as large as some of the other destabilizing
moments, and changes direction as the centrifuge rotates. Approximations of the moment of
inertia of the rider's feet are presented in Appendix AI. Using the procedure described in
Section 4.3.2, where the shuttle was modelled as a slender bar, the gyroscopic moment
caused by pedalling would produce maximum shuttle deviations on the order of
approximately I0-5 degrees. It is important to note that the moment transmitted to the shuttle
by pedalling and the gyroscopic moment created by rotating the feet will always act in the
shuttle y-z plane, but be out of phase by 90 degrees.
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Figure 4-20. Gyroscopic Moment Due to Pedauing
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4.5 Dynamic Balacng and Moment Compenution.

To understand the significance of the destabilizing moments created by centrifuge operation
and pedal power, the orders of magnitude of the different moments are displayed in Figure
4-21 along with typical environmental disturbance torques.' 5

The reaction moments from centrifuge operation are obviously orders of magnitudes greater
than the minute moments associated with environmental disturbances. It is our goal in this
section to discuss methods for reducing the destabilizing moments of the centrifuge to a
level, if possible, that approaches environmental disturbances.

Of course, one item that has been neglected is the existing space shuttle momentum
management system. The shuttle is equipped with various devices to assist in the
maintenance of attitude under disturbances from environmental and equipment sources and
astronaut motion. Significant moments applied for a relatively long duration can saturate the
momentum management system, requiring positioning thrusters to be used. Since the shuttle
carries a limited supply of fuel, it is important to avoid extended duration moments.
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Figure 4-21. Conmarison of Centrifuge and

EnvimnmenWl Disturbance Moments
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4.5.1 Dynamkc Balancng.

From Figure 4-21, the force created by the dynamic imbalance of the centrifuge with a single
rider generates the largest disturbance moment. As we described in Section 4.3.2, the
imbalance force creates accelerations between 10.2 G and W0 G of the shuttle with a
freiquency on the order of 1 Hz. Although the magnitude of the force seems high, studies of
an ainimal centrifuge for use on the Space Station Freedom estimate nominal crew movements
and spece station operations such as docking, pointing, and various fans, blowers, etc.,
would impart accelerations on the order of l0r3G, with a frequency range of 10." to 10
Hz.1'-1 7'1' Theme ranges indicate the force and frequency of an unbalanced centrifuge
may be acceptable for the shuttle. Furthermore, if the imbalance force is deemed acceptable,
presumably the moment caused -by the force acting at a distance from the shuttle center of
mass with the sine frequency would also be tolerable. On the other hand, the centrifuge
would Aind its greatest utility in a relatively frequent operation on very long duration
missions for which consrvation of thruster fuel would assum greater importance.

Since it is not known if the mass imbalance on the centrifuge will cause unacceptable
deviations, in attitude of the shuttle, methods for reducing the imbalance force, and hence
imbalance moment, are considered in the following subsections.
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4.5.1.1 Oppodie Riders.

The simplest way to reduce the imbalance is to position a second rider on the opposite side
of the centrifuge. If the subject had equal mass and was equidistant from the center, the
centrifuge would be perfectly balanced. More likely, the mass of the second subject will be
different from the first and the position, although it can be roughly predicted, will vary
slightly each time the subjects are situated. To quantify the effects of partial imbalancing,
consider Figure 4-22. This figure displays the residual imbalance moment for different
radial accelerations after placing a 5 percentile female rider equidistant but opposite a 95
percentile male rider.

Although an improvement of 50% or more, the imbalance is still significant. Even if the
masses of the two riders are equal, the effects of position are significant. Figure 4-23 shows
the resulting imbalance moment for different accelerations resulting from two 95 percentile
male riders being positioned at approximately 100 cm from the center, both with some
differential position. It is conceivable that subjects could easily have a 5 - 10 cm position
error, which still results in a significant imbalance moment.

Figure 4-22. Centrifuge Imbalance Moment
with 5% and 95% Riders
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Figure 4-23. Centrifuge Imbalance Moment
with 2 Riders at Different Positions
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4.5.1.2 Counterbalance Mass.

Similar to the concept of an opposing rider, a large counterbalance mass could be used to
balance the centrifuge. The counterbalance mass, hereafter called countermass, could
probably be more reliably positioned than a human, however the mass would be significant
and undesirable. As an alternative, consider a combination of opposing rider and small
countermas. By positioning the large and small rider equidistant from the centrifuge center,
the counterman can be used on the side of the small rider to move the combined center of
mass back to the center of rotation.

It is important to quantify how much mass and how much motion is required for the
countermass to be effective. Figure 4-24 displays a schematic of the centrifuge with two
riders and movable countermass. Dynamic balance can be achieved by locating the
countermass, n,, such that the center of mass of the system is at the center of the centrifuge,
or

Me, -i M.1- M13 - 0 . [4-31]
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Fgrwe 4-24. Countermes Concept for Two4Wde Centrifuge
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N that it is not necesmry for the sum of the small rider's mass and countermass to equal
lhe mma of the large rider. Becaue of this, the size of the countermass can be minimized

by allowing it to travel to the edge of the centrifuge, approximately 200 cm from the center.

For the wom cae of a 95 percentile male and 5 percentile female, each located with their
heads 100 cm from the center, a countermass of 46.8 kg would be required at 200 cm on the
sde of the female. For the cawe of two equal mass subjects positioned equidistant from the
center, the sume 46.8 kg countermass could be moved to the center of the centrifuge and
have no effect on the center of mass. Since the countermass is fairly large, it might also be
desirable to positinm the female further from the center than the male. In the case of
quidisant subjects, however, the ideal countermass to accommodate the maximum and

minimum subjects is 46.8 kg, with a range of travel from the center to a 200 cm radius. If
desired, the counternms= could simply be a shell, to be ballasted with available materials in
space. In this way, the liftoff mass would be minimized.

To make the balancing automatic, we propose the motion of the countermass be controlled by
a closed-loop controller with load cell feedback from the center of centrifuge. Figure 4-25
di&plays a block diagram of a conceptual balance controller. Two load cells, on opposing
arms of the centrifue, measure the force F, caused by radial acceleration of the heavy
subject and F2 caused by radial acceleration of the lighter subject and countermass. The
control algoridtm, represnte by D(s), would generate z signal, u, to move the countermass
until the diffence between the two load cell values, e, is zero. The actuator for moving the
countermass is not specified here, however one solution might be to mount the countermass
on railings and use tension in wire attached to both ends to pull the countermass in the
required direction.

Figure 4-25. Maess Balancing Controller Block Diagram
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Depending on the design of the positioning mechanism, it might be possible to move the
countermass at enough to balance transient motion of the riders, such as movement of arm
or leg position. Even if the response of the balancing system was too slow for transient
center of mass deviations, the system could adapt to a steady state change in system center of
mass, such as a rider moving his hands from his sides to over his chest, perhaps.

Certainly many details of a dynamic balancing mechanism and controller require further
consideration. There is little discussion of the positioning mechanism presented here. In
spite of these details, however, it is likely an effective balancing mechanism could be
developed that would reduce the imbalance moment to a tolerable value.

4.5.2 Moment Compensation.

Even if the imbalance moment can be nearly eliminated, significant moments are created by
the centrifuge drive, cross-coupling of angular velocities, and subject pedalling. In the
following subsections, compensation for these moments is discussed.

43.2.1 Countrbalane Inertia.

The space shuttle may already be equipped with a reaction wheel or other device to prevent
rolling about the shuttle x-axis. If this is the case, it may not be necessary to eliminate the
centrifuge drive moment. Neglecting any shuttle compensation devices, a simple method to
eliminate the drive moment is by angular acceleration of an object in the opposite direction,
as shown in the sketch in Figure 4-26.

Rotation of a counterbalance inertia, snortened to counterinertia, in the opposite direction of
the centrifuge will create a moment of the opposite sign. Since a moment applied to a rigid
body has the same effect regardless of the point of application, it is not necessary to rotate
the countermass at the centrifuge location, although it may be preferable for other reasons.
Furthermore, the counterinertia need not have an identical inertia to the centrifuge and
riders. A smaller inertia can be accelerated at a faster angular acceleration over the same
duration of time to compensate for the drive moment. From shuttle mass considerations, a
counterinertia of low mass and low inertia, driven at a high angular acceleration, is the most
desirable.

The same counterinerCia that negates the drive torque can be used to reduce or eliminate
gyroscopic moments due to shuttle positioning and shuttle motion about the earth. If the
centrifuge and count have the same angular momentum, the centrifuge-induced
gyroscopic moment is eliminated. It is important to determine whether a low inertia
countrnri propelled at high angular accelerations to eliminate the drive torque will result
in an equal and opposite angular momentum to the centrifuge, thereby also eliminating the
centrifuge gyroscopic moment. Consider the torque required to angularly accelerate the
centrifuge, described previously in Equation 4-15, and expressed as a scalar:
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Figure 4-26. Counterinrwnla Concept for Two-Rider Centrifuge
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M*V - 1COC5 . [4-32]

If the counterinertia, denoted by the subscript CI, is allowed to accelerate at a different rate
than the centrifuge, the moment of inertia of the counterinertia required to eliminate the drive
torque is:

II = rc(;t). [4-33]

If the centrifuge is propelled with a constant angular acceleration for a time t, the angular
momentum of the centrifuge at the end of this time will be:

Hc - coc - • [4-34]

Similarly, the angular momentum of the counterinertia after the same time interval is:

H = ca - Icla . [4-35]

Recalling the constraint of Equation 4-33, which defines the inertia of the cote r
required to elmine the drive torque, it can be seen that substitution of Equation 4-33 into
4-35 yields a countinertia angular momentum that is equal and opposite to the angular
momentum of the centrifuge. Therefore, it is possible to use a counterinertia mechanism
with lower mass and inertia and higher angular acceleration and velocity than the centrifuge
and still eliminate both the centrifuge drive and gyroscopic moments.

One way that the coune could be implemented is to use a variable speed mechanical
or electrical drive and fixed inertia. If the speed was variable over a large range, any
magnitude torque could be generated. The difficulty in this concept, however, is the use of a
variable speed drive. Mechanical and electrical variable speed drives might add too much
complexity and mass to be considered.

An allenatve o inertia design would feature a variable inertia mechanism and fixed angular
acceleai raio relative to the centrifuge. The ounterinetia drive could be provided by a
mecnmical connetion with fixed gear ratio, or by a separate electrical drive. To provide a
variable ineria, it is envisioned that two masses could be mounted on rails and positioned
outwards in opposite directions. Similar to the dynamic balancing mechanism, a closed-loop
control system could determine the optimum position for the masses to negate the centrifue
drive moment. Assuming the wo cae of two 95 percentile male riders positioned 100 cm
from the cener- and a centrifuge inertia of 25 kg-m2, the adjustable mass on each side to
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eliminate the drive moment is plotted in Figure 4-27 as a function of the ratio of counterinertia
angular velocity to centrifuge angular velocity.

Figure 4-27. Mass of Counterinertia
for Different Angular Velocity Ratios
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4.5.2.2 Opposite Centrifuges.

Another method for reducing the drive moment is by propelling a second two-rider centrifuge
in the opposite direction of the original centrifuge. Because of the microgravity
environment, it would not matter physiologically that the subjects are facing opposite
direcdons. If the inertias were identical and both centrifuges were accelerated at the same
rate, the drive moments would be equal and opposite. More likely, the inertias would not be
identical, leading to a situation analogous to that described in Section 4.5.1.1, where an
additional mass was required to balance riders of different size. In this case, a counterinertia
device could be used to balance any residual drive moment from the two centrifuges.

While opposing two-man centrifuges are inviting in order to reduce the mass of the
counterinertia mechanism, there are several considerations that may make the concept less
appealing than the single centrifuge with counterinertia concept. For instance, the
requirement for four subjects to be centrifuged simultaneously, and probably a fifth to
monitor the training, implies that a majority of the shuttle crew is required whenever the
device is operated. In addition, the power to drive the centrifuge is increased because of the
additional inertia.
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4.52.3 Pdhfdng Cempensuton.

As described in Section 4.4, the exercise load for the pedals would be produced along the
pedal axis. The moment transmitted to the shuttle would rotate in the centrifuge yz-phne
simiar to the mass imbalance moment described in Section 4.3.2. Substituting pedal
moment values into Equation 4-23 yields an angular excursion of the shuttle on the order of
104 degrees. It is possible a moment that causes a misorientation of this magnitude does not
require further consideration.

The gyroscopic moment created by the rotating pedals and subject's feet also produces a
small precession of the shuttle in the shuttle yz-plane. A properly sized counterinertia could
be mounted at the pedals and driven in the opposite direction of pedalling to reduce the
trnsmitted moment. It is unlikely the inertia could be perfectly sized, but a significant
portion of the transmitted moment could be eliminated.

The use of a two-rider centrifuge would also tend to compensate for both disturbing moments
from pedalling. The compensation would only be ideal if the two riders had equivalent foot
and leg characteriscs, the pedal axes were equidistant from the centrifuge center, and the
pedalling forces for the two riders were equally shared.

4.6 CentrIflu Concept Design. "

A design contapt for the space-based centrifuge is displayed in Figure 4-28. The centrifuge
has accommodations for two crewmembers, and at least one other crewmeember would be
required to monitor the operation. The centrifuge will be propelled by the combined power
of both crewmembers pedalling. An automated mass balancing system and moment
compensation devices minimize the disturbances to the orbiting shuttle.

The destabilizing forces and moments before balancing and compensation are identified in
Figure 4-29. The direction of the force or moment is indicated by an arrow. Several of the
forces and moments displayed are shown pointing in an instantaneous direction, determined
by the position of the centrifuge. The imbalance force and moment, pedalling moment, and
pedal gyroscopic moment all rotate as the centrifuge spins, so that the net effect if they are
of constant magnitude is to induce a circular translational motion at the shuttle center of mass
and a steady precession. The centrifuge drive moment and gyroscopic moment, conversely,
act on fixed or slowly moving axes. The gyroscopic moment points orthogonally to the
centrifuge spin axis and the axis of shuttle angular motion. The centrifuge drive moment
may be the most gpifricant, because it induces a constant roll angular velocity in the shuttle
that lasts until the centrifugation is ceased.

Mass balancing of the centrifuge could be accomplished with a 47 kg counterbalance mass.
This could be a solid object, or to save liftoff mass, it might be a shell filled with a fluid or
small objects during orbit. To use the centrifuge with only a single crewmember, some
shuttle gear would need to be strapped in place of the missing rider.
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Figure 4-28. Centrifuge with Two Riders
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Figure 4-29. Moments and Forces an Centrifugee
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Drive and gyroscopic moment balancing could be provided by a constant speed ratio,
variable inertia mechanism comprised of two masses propelled along rails. With a speed
ratio of 10, the total mass of the counterinertia would only be approximately 12 kg,
excluding the mass and inertia of the support stucture. Another concept that would permit
varying the mass of the counterinertia mechanism could feature a circular tube with spokes
that would be filed with fluid as necessary to achieve the proper inertia. One difficulty with
implementing a fluid-filled tube is withdrawing fluid from the tube against the radial
acceleration of the device.
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SECTION 5.0
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5.0 Physidole Effects of Centrifugation.

The radial acceleration generated by the centrifuge is capable of stimulating the
cardiovascular system of riders, however the high angular rates may create an environment
with high potential for disoentation.

5.1 Crewmember Motion Sickness and Disorientation.

On earth, a combination of otolith, visual, and somatosensory inputs enable a person to form
a perception of linear acceleration and orientation with respect to the acceleration. Similarly,
visual and somatosensory cues, as well as input from the semicircular canals, are processed
to form an estimate of angular motion and orientation.

The human vestibular system is located bilaterally in the inner ears. It is comprised of the
semicircular canals and saccular and utricular otolith organs. The function of the otoliths and
canals is to sense motion of the head and relay this information to the brain. Without
thoroughly describing the anatomy and operation of these sets of organs, it is well known
that the otoliths are stimulated by the so-called specific force, defined as the linear
acceleration of the head summed with the effect of gravity, and orientation of the head with
respect to the specific force. The semicircular canals respond primarily to the resultant
angular acceleration stimuli.

In the microgravity of earth orbit, a crewmember lacks the visual and gravitational cues that
are usually used to define his perception of his orientation and motion. The lack of these
stimuli and cues may contribute to a crewmember's susceptibility to space sickness, or Space
Adaptation Syndrome. In space, contrary to on earth, the static orientation of an astronaut's
head does not influence the activity of the otoliths. The nonexistence of the customary 1 G
bias creates linear acceleration stimuli that can change direction rapidly even without
significant head movement. 19 It is, in fact, the existence of abnormal otolith signals in the
presence of seemingly normal canal and visual information that is generally regarred as a
source of space motion sickness."

Astronauts aboard the Space Shuttle/Spacelab 1 mission, in 1983, recorded their observations
and qualitative measures of space sickness throughout the flight.21 Most of the astronauts
felt some discomfort from any type of motion, although attempting to limit head motions
helped alleviate the condition. 2' Other studies hypothesize that astronauts exposed to
microgravity experience a change in interpretation of sensory afferent signals, particularly
from the otoliths.19M Subjects participating in studies involving angular acceleration
displayed no significant change in the threshold of detection.?

Since the short radius centrifuge conceived for space application produces rapid angular
motion, it is conceivable that centrifugation could cause disorientation or space sickness. In
an interesting paradox, the centrifuge might reduce the potential for space sickness by
creating a radial acceleration to stimulate the otoliths, while it increases the potential for
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croMs-coupled angular motions which cause dioenation and discomfort. In this section, we
eamine the potential for disorientation during short radius centrifugation and develop

tmodels for the response of the vestibular system to acceleration stimuli. A
general treatment of astronaut disorientation in microgravity has not been attempted.

5.1.1 Cress-Coupling MUuslon.

A disadvantage of short radius centrifugation is the increased susceptibility to the cross-
coupling illusion due to the high angular rate of the centrifuge. This illusion can arise from
simultaneous stimulation of the vestibular apparatus by angular motion in two planes. The
vestibular system normally senses angular motion in multiple planes accurately and with no
discomfort disorientation. However, because of the dynamics of the semicircular canals,
discussed in Section 5.1.2, there is potential for disorientation when the vestibular system is
exposed to a long duration constant magnitude angular velocity. In this case, movement of
the head relative to the existing plane of angular velocity may produce the perception of
rotation about a different axis. The illusion of angular motion produced by these events is
termed the cross-coupling illusion, and is sometimes referred to as Coriolis illusion.

This phenomena is familiar to aircraft pilots. During an extended turn in an aircraft, a pilot
becomes acclimated to the motion so that any abrupt head movements may be disorienting.
Similarly, motion on existing, centrifuges is known to provoke this disorientation. Centrifuge
subjects learn to avoid abrupt head movements or acclimate to the sensations. The lack of a
visual reference can make the illusion even more prevalent in cenhifugation.

The extremely short radius of a space-based centrifuge implies a large angular velocity would
be required to achieve appropriate radial accelerations. Subjects that become acclimated to
this motion may be prohibited from making even small motions of the head. In fact,
research on the effect of acceleration in ameliorating or worsening the illusion indicates zero-
G cross-coupling motion is less discomforting than the same motions at 1.8 GY3

The traditional Coriolis acceleration is not a stimulus for the cross-coupling illusion. The
illusion is stimulated by the presence of cross-coupled angular velocities, also called the
Coriolis angular acceleration. Consider the expression for the angular velocity of the
centrifug subject. If the subject is permitted to move his head relative to the centrifuge, the
total angular velocity vector of his head is:

*11 - as o+EI e +( . [5-1]

Differentiating, the angular acceleration of the subjects' head is:

Om = an+6a + giv + Ux OS x. [5-2]
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The Coriolis angular acceleration represents those terms generated by the vector cross
product of angular velocities. Since the angular motion of the space shuttle is likely to be a
slow rate, dhe Coriolis angular acceleration term of most concern is:

geCim, w U .. x a . [5-3J

To quantitatively measure the potential for the cross-coupling illusion on the short arm
centrifuge, Figure 5-1 displays a comparison of the angular velocities of a subject located
100 cm from the center of a centrifuge at different radial accelei-ations to a pilot of an
aircraft with different turning speeds.

Fu 5-1. Compaiso of Co•Os Angaw
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From Figure 5-1, it is obvious that the high angular velocity of the centrifuge makes the
magnitude of the potential stimulus larger than during typical aircraft turns with the same
head motion. Whether the increased stimulus translates into a more discomforting sense of
disorientation is unknown, but would not be surprising. Maintenance of head orientation
with respect to the centrifuge arm may therefore prove to be particularly important.
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5.1.2 Vustlnir Model.

Both sets of organs can be mathematically modelled as independent first order dynamic
systems. 2

The otoliths are physically positioned in the head pitched back 250 from the head horizontal
reference position. It is the projection of the gravitoinertial acceleration, called the specific
force, into the pitched coordinates that stimulates the otoliths. The otoliths respond to
specific force as a linear accelerometer. Accepted mathematical models of the otolith
response include a first order term representing the dynamics, as well as an afferent
processing term. In addition, the saccular otoliths are modelled with a non-linear term that
corrects for the direction of perceived "down'. The total dynamic model for the otoliths is
displayed in Figure 5-2. Output of the model is a change in a bsesline rate of theoretical
impulses to the brain, called the Afferent Firing Rate (AFR), in units of impulses per second.
The model also outputs an estimate of the local down direction.

Figure 5-2. Otolth Dynamic Model Mock Diagram
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Dynamics Processing Otolith
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There are two sets of three orthogonal semicircular canals located on either side of the skull.
As with the otoliths, the horizontal canals are pitched back approximately 25° from the
horizontal. The canals act as angular acceierometers for low frequency stimuli and angular
velocity transducers for high frequency stimuli. The dynamics of the canals are modelled as
an overdamped torsional pendulum, with different time constants for different axis canals.
An adaptation term is included by many researchers to account for the behavior in humans
for the canals to become less sensitive to an angular acceleration stimulus over time. The
final term is a lead processing term to account for rate sensitivity. The complete
mathematical model is displayed in Figure 5-3. Again, output from the model is a
theoretical afferent firing rate.
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These mathematical models were implemented in C + + code to provide a tool for predicting

the response of a crewmembers' vestibular system to acceleration stimuli.

5.1.3 Theoretical Vestibular Output Simulation.

To explore the theoretical response of the vestibular system to space centrifugation, a
simulation was conducted of a typical 2 G acceleration profile. Figure 5-4 displays the
tangential, radial, and total acceleration of a 95 percentile male subject with head positioned
at 100 cm. The simulation consists of three segments: (1) a 30 second segment with the
centrifuge at rest; (2) a 60 second segment where the crewmember is accelerated to 2 G;
and, (3) a 60 second deceleration and rest segment. Figure 5-5 displays the angular velocity
and angular acceleration of the subject during the simulation.

The theoretical otolith and semicircular canal responses to the centrifugation are plotted in
Figures 5-6 and 5-7. During the rest segment, both the otoliths and canals transduce a zero
signal. Once the centrifuge reaches a constant radial acceleration, the otoliths transduce a
steady state signal. The canals become acclimated to the steady angular velocity of the
second segment of the simulation, and the response decays nearly to zero. Only the x-axis
canal response is plotted because the y-axis and z-axis canals are unstimulated throughout the
simulation.

The subject perceived down vector is displayed in Figure 5-8. Due to the non-linear
response of the saccular otolith, the perceived down direction is not along the subject z-axis.
Figure 5-9 shows the angle between the perceived down and the subject z-axis. In
microgravity, with no other reference cues, the subject perceives down to be angled 250
forward of his spinal axis. When the centrifuge accelerates and decelerates through 1 G, the
perceived down becomes more closely aligned with the subject Z-axis. Exposed to earth's
gravity in an upright position, the vestibular model would yield a perceived down vector with
no x or y components and a unit z output.
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Figure 54. OtolM Response to 2 G Profile
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It is afLr the canals have adapted to the angular velocity that the cross-coupling illusion
becomes a concern. From Figure 5-7, it is obvious the signal from the canals normally
decays during constant angular motion. Head motion even after the decay might be
disorienting.

One way to prevent disorientation might be to continually stimulate the canals to prevent the
acclimation process. Frequent head motion of the subjects, either voluntarily or through a
moving head cushion device, could serve to insure the canals correctly transduce the rotation.

5.2 Cardlovacular Effects.

Exposure to microgravity disrupts the equilibrium point of many physiologic processes,
including some cardiovascular system functions. Although the deconditioning of the
cardiovascular system is not discussed in detail in this report, short radius centrifugation has
been shown to stimulate the heart.' In this section, we discuss the significance of the
acceleration gradient formed by the short radius centrifuge, describe a mathematical model
for the cardiovascular system, and report the results of simulations of the cardiovascular
model.

5.2.1 Acceleration Gradient Effect.

Any rotating object generates a radial acceleration at a point that is proportional to the
distance from the center of the object. A body subjected to the rotation will experience an
acceleration gradient because of the difference in acceleration at different radii. This
gradient is most important at short radii, such as on a short arm centrifuge.

Recalling Equation 4-5, the acceleration gradient with respect to centrifuge radius is a
constant for a constant angular velocity:

2
dG .c [5.-4]
dr go

It is usually the acceleration of the crewmember, however, that is used to select an operating
condition for a centrifuge. Thus, it is more interesting to compare the acceleration gradient
for centrifuge riders that have the same acceleration magnitude at the top of their head. In
this case, Equation 5-4 can be replaced with the desired acceleration at the head divided by
the radius from the center of the centrifuge:

d _ G, [5-51
d& r

where Gd is the desired acceleration in G.
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The acceleration gradient for different radii on a centrifuge are plotted in Figure 5-10. The
five curves represent constant acceleration curves from I G to 5 G. As expected, the
acceleration gradient is highest for short radii and large accelerations.

Figure 5-10. Acceleration Gradient at Different Radii
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The differential acceleration on a centrifuge for a 95 percentile male rider, in units of earth's
gravity, is displayed in Figure 5-11. Recall that the distance from the top of the head to the
thighs-up feet position is approximately 99.5 cm. Figure 5-11 displays the difference in
acceleration between the top of the head and the feet for different accelerations at the head.

The differential acceleration can also be expressed in the form of a percentage by dividing
the change in acceleration across the body by the heart-level acceleration:

%AG = [5-6]

The percentage change in acceleration depends only on the distance of the riders head from
the center of the centrifuge and not the acceleration magnitude at the head. For a rider
positioned 100 cm from the spin axis, the percentage change is approximately 10%.
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Figure 5-11. Differential Acceleration for Different Rider Positions
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5.2.2 Cardiovascular Model and Simulation.

The cardiovascular model described herein parallels the development presented in a paper by
White, et al.Y It also draws from papers by Jaron, et al., 2 '- whose approach was
similar to that presented in earlier papers by Rideout, 2S Snyder,29 and Avula.3° All of

these authors cited the earlier work of Wormersly.31 Many of the parameter values for the
physical properties of the vascular'segments were taken from these papers as well as Fung3 2

and Bergel.3 However, some of the parameters listed in Jaronm were clearly in error and
some of those employed by other authors were not useful because of differences in the layout
of their models and ours. Where new parameters were required, they were derived to yield
generally acceptable flow/pressure/volume and compliance characteristics of the various
cardiovascular subdivisions. In particular, flow, pressure, and compliance data from
Burton,34 and Guyton,3 were employed.

Figure 5-12 displays the general schematic for the model compartments and their
connections. The model describes the spatial and temporal variation in the mean blood
pressure along the z-axis of the body. The present implementation neglects the non-linear
and convective terms in the Navier-Stokes Equation as well as the complication of radial flow
(flow perpendicular to the vessel wall). The flow is assumed to be laminar except in the
ascending an descending aorta where fluid flow resistances were multiplied by 33 to account
for increased pressure losses in turbulent flow.2'
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The following set of coupled differential equations were solved for each arterial and venous
vascular segment.

dP(t) - -1((t) - Q(t).,) + R,,-(Q(t)jn - Q0.), [5-7]
dIt C

dQ(t) _ 1 -P( 0 _ p(t). + Q(t)) [5-8]
dt L

it) . 1 .(~~ n- [~) ) 5-9]
dt 2 -s "r(t) -1

Where,

t = Time [sec].
r = Radius of vascular segment [m].
1 = Length of vascular segment [m].
P = The pressure in the segment [Pa].
Q = The segmental volume flow [m3 sec-3].
C = The capacitance of the segment [m3.Pa1].
L = The inertance of the segment [kg-mj] or [PaNsec 2.m"3]
R = The viscous flow resistance in the segment [Pa-secOm-3].
& = The vessel expansion resistance [Pa-sec.m-'].
Po= = The hydrostatic pressure difference

across the segment because of gravity [Pa].

And, the following approximations for R, L, and C were taken from Rideout, et al.2'

R-81" i.l 0

R -(5-10]
8 " _r4

L = [4 (5-11]4-V

C= 2"E'h [5-12]

0.002 (5-13]
C
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Where,

E = Young's modulus for vessel wall [Pa].
h - Vessel Wall thickness [in].

Po = density of blood [kg.rm3].
ILo - viscosity of blood [N-sec-m2].

Finally,

PG, = Po'G'gocos(e) .[5-14]

Where,

G = The z-axis "G-level" in units of earth's gravity (unitless]
,z The earth's gravitational acceleration [msec"]

0 = The angle between the segment and the z-axis [radians].

For each vascular segment, Equations 5-7, 5-8, and 5-9 must be solved simultaneously.
There are 20 arterial and 20 venous vascular segments (the pulmonary circuit is segment 1).
There are 10 peripheral capillary bed segments modelled by differential equations for
pressure and flow. The peripheral capillary resistance and capacitance are modelled as "T"
circuits with the peripheral capacitance in parallel with an inlet and outlet resistance which
represent the resistance of the arteriole and venule respectively. The pulmonary circulation
is modelled as a single peripheral bed fed by a single arterial segment and drained by a
single venous segme.It. The chambers of the heart are modelled as variable capacitances
separated by one-way valves. The pulmonic and aortic valves are also modelled as one-way
valves. The pressure reference for the model is locate-, at the tricuspid valve which is
presumed to track intrathoracic pressure. The pressures and flows in the various segments
are coupled by their spatial connections. The z-axis coordinates for locating the origin and
termination of each segment were based on a 177 cm tall standing man. Including the
equations for pressure and flow in the heart, there are 174 differential equations in the
model. The solution was computed using a Runge-Kutta numerical integration algorithm.•

The initial conditions for segmental flow were set based on a steady-state solution for the
model at 1 G, (transverse) corresponding to a supine posture. Initial pressures were set by
computing the hydrostatic pressure at each segment corresponding to the initial local z-axis
acceleration. Posture is adjusted by setting the appropriate initial orientation angle for each
segment relative to the z-axis acceleration. Postural and acceleration changes during a
simulation may be made by adjusting the orientation angles and/or acceleration during the
simulation. This can be most easily accomplished by adding time varying profiles for G, and
the O's from which the P., values for the flow derivatives are calculated. However, the
current version of the model does not include provisions for simulating the effects of the
short term cardiovascular reflexes responsible for controlling the blood pressure and
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distribution of blood flow. Therefore, no attempt was made to match transient responses of
the model to those expected in the response of the true cardiovascular system. Rather, the
model was coded so that the cardiac output was maintained at a constant value (5.4
liters-min"') until the regional blood flow values returned to their initial values. The resulting
steady-state pressures or "equilibrium pressures" in the various segments represent the
pressures required to maintain "normal" blood flow through the vascular and peripheral
segments. The results of the two simulations described below illustrate the results of this
process.

Presumably, the short arm centrifuge should produce cardiovascular pressure similar to those
experienced by man at + 1 G, in the upright posture. To compare the blood pressure profile
produced by the space based short arm centrifuge to that seen in a normal upright posture on
earth's surface, two simulations were computed: one in which a constant +1 G, was applied
to all segments, and a second simulating the acceleration produced by the short arm
centrifuge in microgravity. The profile employed for the space based centrifuge produced
approximately +1 G, at the top of the head and approximately +3 G. at the feet. The
orientation angles for the hips and thigh were adjusted to match the supine pedalling posture.
Figure 5-13 and Figure 5-14 compare the equilibrium arterial and venous pressures estimated
by the model for the two situations. As shown, at + 1 G, both the arterial and venous
pressures increase smoothly below the heart (the reference pressure) and decrease smoothly
above the heart. In contrast, the pressuies in the theoretical space based centrifuge rider
show a tendency to plateau in the hip and thigh area (segments 9 and 10) because the
acceleration is transverse to those segments. The only changes in the pressure are due to
flow resistances which are small in comparison to the gradients produced by acceleration. In
addition, the pressures are higher below the heart and lower above the heart as would be
expected because the acceleration field is changing in the z-axis direction.

The results of this simulation show only very small differences in pressure between the
between the cardiovascular pressures produced in the space based centrifuge and those seen
in the upright man at + 1 G,. Moreover, the effect of exercise by the centrifuge rider would
undoubtedly reduce the venous pressures via the "venous pump." There is no provision for
such a muscular pumping action in the current version of the model, thus this effect is not
apparent in the simulation comparisons in Figure 5-13 and Figure 5-14.

Two additional simulations were computed to compare the operation of the short arm
centrifuge on earth to its operation in microgravity. The same z-axis acceleration field as
described above, was employed in two simulations: one with 0 G1 to simulate space base
operation of the short arm centrifuge, and one with +1 3G. to simulate its operation on earth.
Figure 5-15 and Figure 5-16 compare the steady state arterial and venous pressures estimated
for the two situations. As shown, the earth based operation and the space based operation
produce virtually identical pressure profiles above the hips. However, below the hips, the
earth based profile results in higher arterial and venous pressures because the pressures at the
hip segment must be higher to move blood against the + 1 G, acceleration which is oriented
along the hip and thigh segments. The venous pressures are correspondingly higher in the
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earth based cenutdige although the pressure gradient in the venous segments below the hip is
much higher than in the space based centriluge. The comments regarding the effects of
exercise on the venous pressures also apply to the comparison between the space based and
earth based profiles. It is likely that the venous pumping action of exercise would reduce
venous pressures in both situations and the differences between the two.

In summary, the cardiovascular simulations have served to add support to the efficacy of the
use of the short arm centrifuge to approximate the steady-state cardiovascular pressure
profiles seen in an upright human on earth. It appears feasible and desirable to extend the
Phase I model in Phase II to include the short term physiologic control and the effects of
exercise on cardiovascular flows and pressures. This will enable the model to more
faithfully simulate the true response of the cardiovascular system. An enhanced Phase H
cardiovascular model could be validated against earth based experimental data and then
employed to predict the differences between profiles conducted on earth and in microgravity.
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Figure 5-13. Equlibrlum Arterial Pressures
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400W no

3MM

"20

V 300=

Inh In
ISM.-

3 S00 0 . 1 

21 0 0

1.0060

Sooo 
so

1 20 1 15 171I1S2 3 4 S 6 7 S91011 12 13 14
SegMen Number

Uprigt Posture 10I ox w Space Basd Centoug

Figure 5-14. Equilibrium Venous Pressres

Upright I G vs Space Based

35M WL

2MW2

11"7W

25M W
MWS

1000

.1000 !' l417.5
1 20 19 14 17 16 15 2 3 4 S 6 7 8 3 10 11 12 13 14

Segment Number

*Upright Posture I0 M * Space Based Cen&Mque

71



Figure 5-15S. Equlfbrkam Attend Pressure
Short Arn Centrifuge

urno

28 I
lowo

1 n 19 1s17 161 S2 '3 '4 '1 '6 7 .8 3. .111 12 1214

*Spas SNOW * rnsawem

Figure 5-16. Equllibrium Venou P§ressre
Short Arm CenuhW

310000 IgzS

212.



RID REMNCES

73



REFERENCES

1. Meeker, LJ; Isdahl, W. Parametric Design Study for a Small Radius Centrifuge for Space
Application. Presented at the. 10th IAA Man in Space Symposium, April 1993, Tokyo,
Japan.

2. Burton, RR; Smith, AH. Adaptation to Acceleration Environments. IN PRESS:
Handbook of Physiology - Adaptation to the Environment. Chapter 36. American
Physiology Society.

3. Burton, RR. A human-use centrifuge for space stations: proposed ground-based studies.
Aviat. Space Environ. Med. 579-582; 1988 June.

4. Harding, R. Survival in Space. Routledge, London: 1989.

5. White, W$; Nyberg, JW; White, PD; Grimes, RH; Finney, LM. Biomedical Potential of
a Centrifuge in an Orbiting Laboratory. SM-48502; SSD-TDR-64-209-Suppl: 129 pp.
1965 July.

6. Diamandis, PH. Use of a 2-Meter Radius Centrifuge on Space Station for Human
Physiologic Conditioning and Testing. Proceedings of the 8th Princeton/AIAA/SSI
Conference, May 6-9, 1987, Princeton, NJ. "Space Manufacturing 6 - Nonterrestrial
Resources, Biosciences, and Space Engineering". Washington, D.C.: American Institute
of Aeronautics and Astronautics; 1987; 133-136.

7. Burton, RR. Periodic acceleration stimulation in space. Presented at the 19th Intersociety
Conference on Environmental Systems, July 24-26, 1989, San Diego, CA. Warrendale,
PA: Society of Automotive Engineers; 1989: 1-4. ISSN: SAE Paper #891434.

8. Burton, RR; Meeker, UJ; Raddin, JH, Jr. Centrifuges for studying the effects of sustained
acceleration on human physiology. IEEE Eng Med Biol. 10: 56-65; 1991 March.

9. Burton, RR; Meeker, 1J. Physiologic validation of a short-arm centrifuge for space
application. Aviat. Space Environ. Med. 63: 476-481; 1992 June.

10. Halstead, TW; Brown, AH; Fuller, CA; Oyama, J. Artificial gravity studies and design
considerations for space station centrifuges. Proceedings of the 14th Intersociety
Conference on Environmental Systems, July 16-19, 1984, San Diego, CA. Warrendale,
PA: Society of Automotive Engineers; 1984; 1-11. ISSN: SAE Paper #840949.

11. Man-Systems Integration Standards. NASA-STD-3000. Rev. A, v. 1; 1989 October.

12. Antonutto, G; Capelli, C; di Prampero, PE. Pedalling in space as a countermeasure to
microgravity deconditioning. Microgravity. 1(2): 93-101; 1991.

75



13. Kautz, RW; Feltner, ME; Coyle, EF; Baylor, AM. Pedaling Techniques of Elite
Endurance Cyclists: Changes with increasing workload at constant cadence. IN:
Inten a Journal of Sport Bio. 7(1):29-53; 1991 February.

14. Astrand, PO; Rodalh, K. Textbook of Work Physiology - Physiological Bases of Exercise,
3rd ed. New York: McGraw-Hill; 1986.

15. Barret, C. Spacecraft Flight Control System Design Selection Process for a Geostationary
Communication Satellite. NASA Technical Paper NASA-TP-3289; 1992:20 pp.

16. Arno, RD; Horkachuck, MJ. Research centrifuge accommodations on space station
freedom. Presented at the 20th Intersociety Conference on Environmental Systems,
July 9-12, 1990, Williamsburg, VA. Warrendale, PA: Society of Automotive Engineers;
1990: 1-9. ISSN: SAE Paper #901304.

17. Johnson, CC. The Biological Flight Research Facility. Proceedings of the 42nd
International Astronautical Congress, October 5-11,1991, Montreal, Quebec, Canada. 1991
Oct: 8 pp. ISSN: IAF Paper 91-578.

18. Searby, N. Effect of science laboratory centrifuge of space station environment. IN:
NASA, Marshall Space Flight Center, Measurent and Characterization of the
Acceleration Environment on Board the Space Station. 1990 Aug; 17 pp.

19. Young, LR; Oman, CM; Watt, DGD; Money, KE; Lichtenberg, BK; Kenyon, RV; Arrott,
AP. M.I.T./Canadian vestibular experiments in Spacelab-1 mission: 1. Sensory adaptation
to weightlessness and readaptation to one-g: an overview. Exp Brain Res. 64: 291-298;
1986.

20. Benson, AJ; Kass, JR; Vogel, H. European vestibular experiments on the Spacelab-1
mission: 4. Thresholds of perception of whole-body linear oscillation. Exp Brain Res. 64:
264-271; 1986.

21. Oman, CM; Lichtenberg, BK; Money, KE. Space motion sickness monitoring experiment:
Spacelab 1. IN: AGARD Motion Sickness: Mechanisms, Prediction, Prevention and
Treatment. 1984 November; 21 pp.

22. Benson, AJ. Effect of spaceflight on thresholds of perception of angular and linear motion.
Arch Otorhinolaryngol. 244: 147-154; 1987.

23. DiZio, P; Lackner, JR; Evanoff, JN. The Influence of Gravitoinertial Force Level on
Oculomotor and Perceptual Responses to Coriolis, Cross-Coupling Stimulation. Aviat.
Space Environ. Med. 58(9 Suppl): A218-23; 1987.

24. Bomar, JB; Pancratz, DJ; Raddin, JH; Harmony, DW; Hessheimer, M; Jacob, JB.
Engineering Design Analysis of a Large Radius Track Centrifuge. Final Report for
Research Conducted under U.S.A.F. Small Business Innovation Research Contract

76



#F41624-91-C-2002. Submitted for Publication as U.S.A.F. Armstrong Laboratory
Technical Report, February, 1993.

25. White, RJ; Cronton, DO; Fitzgerald, DO. Cardiovascular Modelling: Simulating the
Human Cardiovascular Response to Exercise, Lower Body Negative Pressure, Zero Gravity
and Clinical Conditions. Adv. Cardiovasc. Phys. Part 1: 195-229; 1983.

26. Jaron, D; Moore, TW; Bai, J. Cardiovascular Response to Acceleration Stress: A
Computer Simulation. Proceedings of the IEEE, 76(6): 700-707; 1988.

27. Jaron, D; Moore, TW; and Chu CL. A Cardiovascular Model for Studying Impairment of
Cerebral Function During +G, Stress. Aviat. Space Environ. Med. 55(1): 24-31; 1984.

28. Rideout, VCt; Dick, DE. Difference-Differential Equations for Fluid Flow in Distensible
Tubes. IEEE Trans. Bio-Med. Engr. 14(4): 171-177; 1967.

29. Snyder, MF; Rideout, VC. Computer Simulation of the Venous Circulation. IEEE Trans.
Bio-Med. Engr. 16(4): 325-334; 1969.

30. Avula, XJR; Ostreicher, HL. Mathematical Model of the Cardiovascular System Under
Acceleration Stress. Aviat. Space Environ. Med. 49(l):279-286; 1978.

31. Womersley, JR. An elastic tube theory of pulse transmission and oscillatory flow in
mammalian arteries. Wright Air Development Report WADC-TR-56-614. 1957.

32. Fung, YC. Biomechanics. New York: Springer-Verlag; 1993.

33. Bergel, DH. The Dynamic Elastic Properties of the Arterial Wall. J. Physiol. 156:
458-469; 1961.

34. Burton, AC. Physiology and Biophysics of the Circulation. Chicago, IL: Year Book
Medical Publishers, Inc.; 1965.

35. Guyton, AC. Textbook of Medical Physiology. 7th Ed. Philadelphia, PA: W.B. Saunders;
1985.

36. Schiesser, WE. The Numerical Method of Lines. San Diego: Academic Press Inc.; 1991.

77



"APENDIX A

79



Appendix Al
Inertia Calculations for Pedals and Feet

The gyroscopic moment produced by the cross-coupled motion of the pedal mechanism and
the centrifuge is proportional to the inertia of the mass rotating with the pedals. Consider the
subject and pedals of Figure A-1. The total effective moment of inertia of this system
includes the inertia of the pedal mechanism as well as the inertia of the subject's feet and
perhaps part of the lower leg. For purposes of our analysis, we will consider only
approximate masses for the pedals and feet, so that the moment of inertia about the pedal
axis of rotation is:

IM = 2,.2.I,,. (Al-i]

To compute the moment of inertia of w-e pedals, assume each pedal and support has a mass
of 0.5 kg, the effective radius of rotation is 15 cin, and the centroidal inertia of the pedal is
negligible. Then, the inertia is:

S,., O.0113kg.m 2 •[A-2]

The mass and centroidal inertia of the foot is taken from an anthropometry source.' It is
assumed that the center of mass of each foot is located at approximately the distance of the
pedal, or 15 cm. The inertia of a foot, then, is:

I + - 1"a.m,4 = 0.0269kg'. 2  [Al-3]

Finally, substituting values from equations A1-2 and Al-3 into Al-I, the approximate
moment of inertia of the rotating system is 0.0764 kg-m2. This value could change
significantly if the mass of the pedal mechanism was changed, if the crewmembers wore
boots, or if the pedal arms were different lengths.
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Figure A-1. Rider Feet and Pedal Mechanism Inertia

82

I I I I



REFERENCES

1. USAARL 88-5. Anthropometry and Mass Distribution for Human Analogues. Vol.
1:Military Male Aviators, March, 1988.

83



APPEDDIX B

85



APPENDIX Bi
Theoretical Vestibular Response Program

BL.O Program Name. VESTIB.EXE, for MS-DOS.

B. 1 Purpose. VESTIB computes the theoretical vestibular response of a human to
angular acceleration and linear acceleration stimuli. The vestibular response
consists of the otolith theoretical afferent firing rates (AFR), semicircular canal
afferent firing rates (AFR), and theoretical perceived down vector. The
dynamic models for the otoliths and canals are described in Chapter 5.

B1.2 General Description of Program Flow. On execution, VESTEB opens and
reads a data file containing the x, y, and z components, respectively, of the
subject angular velocity, angular acceleration, and specific force. The
program then computes the incremental vestibular response to the stimuli and
writes the perceived down vector, otolith AFR, and canal AFR to a data file.

B1.3 Program Description. The file Uinface.cpp defines the class TUinface,
derived from the Turbo Vision class TApplication. The Borland Turbo Vision
users manual should be consulted for a description of the class hierarchy and
function. The member function GoVestib performs the reading and writing to
the data files, and calls the functions otolithResponse and canalResponse to
compute the response of the organs to the acceleration stimuli.

B1.4 Description of Input. The vectors should all be expressed in the head
coordinate frame, with the z-axis pointing from head to toe, x-axis pointing
out, and y-axis pointing to the right. The angular velocity should be expressed
in degrees/second, angular acceleration should be expressed in
degrees/second 2, and specific force, which is the inertial acceleration plus the
effect of gravity, should be in units of earth's gravity (G). The data is
expected in columns separated by spaces or tabs, and should be in the
followig format:

Column:.Ie.
1 Time seconds
2-4 Angular Velocity x,y,z deg/s
5-7 Angular Acceleration x,y,z deg/s2

8-10 Specific Force x,y,z G

VESTIB will cease computation after the last line of input is read.
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Bl.5 Example User Input Session. To start the program, type VESTIB at the
DOS prompt. The program has menus for selecting the input file name and
output file name output file. Select run from the menu to conduct the analysis.

BI.6 Program Operation. If the data file is of the correct format, the program
will begin computing the vestibular response at each time step. It is possible
for the user to crash the program with a bad input data file. The most
common error is an error in input file format. The user should ensure that the
input is in the correct column format. Check the file format if a read error
develops.

B1.7 Output. The program writes a data file of time in seconds and perceived
down, otolith AFR, and canal AFR components separated by spaces.

BI.8 Source Progra Lstng.

/Pmlopam uinfaecpp
//Project: Short Am Ceutrifuge, SBIR Phase I
//Date Created: Aug. 12, 1993
I/

II Notes: This is a Turbo Vision user interface
I/ for the vestibular response subroutines,
I/ (i. vesfib.cpp, otolith.cp, anal.cpp)

I define compiler Turbo Vision variables.
# weflne UsmTApplication
Ndefine UsesTEventQue
Mene Uses TEvent

,defdae UsesTApplication
Odefine Us•esTKys

sfine UsmTRect
Adefine Uses TMaiu
Odefine Use TMenuBox
#define UsmTMCUBar
Ddefin Uses TMenultem
Ddefine Uses TSubMemu
#defmne useTSaMUSLine
Mdefine Uses TStsu•Def
Mdefine Use TstUslemM
Odefine Usm TstaticText
Define UsesTSltem
Odefine UsesTRAdoButtons
Ddefine UseMskTop
Oduine UsesTDiaog
#define UsesThutton
odeane Uses TObiect
#define Um TFieDialog

88



Oddne UsemThpulLsine
PAim UsajL~be
#adm UsasT~iubo

// include Dodsed and custom header files
#include <tvb>
Iincluds < Mdiobh>
Dincluds <sdlib~h>
Oinclude <ftrmmbh>
Dinclud <abiagh~>
#includs <iemaniph>
finclude <P oM~f.h>

//=ssip commad values
coast ina zg etau~l 1000;
ca int cm~ietOtpMffile - 1001;
coast in: cm-uSimuilation - 1003;
coont int C,7dTinasStepDialo - 1004;
coont int cmOverWriteDialog - 1005;

//Globsl variables

ofstrvem;azoudU*i

//Make a DaunaT stnachxe for rewical from dialog boxc
struct DelWaT

chat dtIf 10;

DeltaT *dtizm;

double dt; I/din step - will he string copied from dime

clas TUbnAcs : public TApphaicsio

TUWnacO;.
istsic TDsfTcp init~aK'oMract r);

int OverWuilis~ilog(chor fleaaue(MAXPATH]);
void GetlapoW~di
vowdG~WuO
void GoVeilbO;
void COks~SkpO
void sabfiiO
void SeTSO.
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Uohdits owuncppa

Diadude 0oeoLkcpp

TUidem-:TUiafaceo:
TftogWIn( &TUinfao.::initStmtusLine,

&TUbdbm::iaitMwaufar.
&TUinfac.-::aitDhmkTbp

void TUinfcs::SetdefaultruumO

int TUhffac.:OvmrWritaDialog(char filoName(MAXPATH])

char buff[SJ;
mnt value
utrcpy(buff, BeNa.);
stoabff,- te-;
int k-Mrlua~bff)/+ 10;
TDisloe d- now TDialog(TRw9t40-lc, 5, 40.I-k, 13),

d- >iwagtnew T~utdom(T~tecek-12, 4, k-2. 6),
*- Y- as'. cmYes, bfNormal));

Thudma* buwjo-aw T~utm~to.TRctk+2. 4, k+ 12, 6),
*- N-on, cmNo, bfDefault);

d- > imrutbutb);

Tviww'b - msw Thvnputne(Tct(k +13, 2, k +13, 3), 0);
d->iamrt~b);

d- > inut(new TLabei(rRct(k-.S 2, k + 12, 3),
O~veofiisw?, b));

bulicin->9ulealO,

udbod cauitW - deskTop- > excView(d);
if (coamtof as CaYeS) Value = 1;
" disale 0.

dwboyv(d);
got in value;
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TDhmkTop* TUisa~cs:initDuinkfop(TMect r)

ovaOwmds defaut desktop to include a swaoa bar am the bottom.

return now TDuukTop(r);

T- taislineo TUinface-::zmtStaflhLins(rR~ct r)

I/ This fluiction create the tamus bar for the application.
r.a.y - r.b~y - 1;
return new TStaunLingr,

"onow ThatuiDsf(O OxFFFF) +
"*now Tmadtosltu - Alt-X - Exit", kbAItX, caQuit)

void TUinfece :OetlnpWFilsO

/I This function opens a file dialog box and opens a selected file
TFileDislog* d - (TFileDialog*) vafldViw (

new Tmilezxalog(ý.. aOpenw. aInput file:', fd0penfluttn, 100));
claw fll.NamusMAXPATH];

deskTop,->xcmVivw(d);
d->getFieName(fiIeNam); IIge file name

deamby(d);

void TUinfce::Get~uqpuFieO //proeur for gatting outpu file nm

II hs funaction opm1 a fil d"iaog box aind open a selected file
int valu -0;
while (tIvae)

TFileDialo d - (rFileDialog*) valid View(
new TFilmEDialog(.",. Opmn", 0Output file: ', fdapenButton, 100));

cher fihami(MAXPATHJ;

deskTop- >mecVimw(d);
d> geFiletifNau(SM2e1au); // get file name

if~acu~leam 0) -- 0) IIif file eximss

vale OverWuitefialog(flle~me);
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if (V"hu) oWSsopuaBliab)

%VIM so 1;

void T1mhm:osTnusStspO llprocedure for guttng ime dstp

TDialog Opd - now TDualog( TRact( 1S, 5, 55, 18), 'Enter rime Step');
if (pd)

pd- > imdt(saw Tflutoa(TRact 15, 10, 25, 12), -- ko, amOK,

pd->iut( mw Tflutt(TRect( 28, 10,38, 12), '-C-anceim,
c~aCancel bfNorml));

TVwsw *b - now Thnpatdnh( TRecd(15, 6, 25, 7). 10);
pd->Woisutb);
pd- >inuut( ww TL&Ws( 7R=Kg(, 4, 32, 5), ETow Tum. Stop (usc): b))
pd->usdDeat(ddim);

uahod oontmi - doskTop- > caeView(pd);
if (00adio I - caCaucel)

pd- > gulDotadtiin);

void Ti~in&A&s:Ssfimuo
So gu tm dep fiom diaog box and convert suring

ak - aiof((dcr'*) dtm>dt)

void Ti~infac:hods~ivamt(vmt& swat)

IIbmdls ~v ravas Resionds to unm uma aslectious.
nihort mswModle-
TAppliauio.::busvm~vm
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if (.wmt~wbt! - evcoizmmod) non;n

cam ~wqwih'I Open a file for input
Gostlput~oo;

cues cusOp ild: I Open a fle for output

cue c~hm~ep~ilog: I/ Open a dialog box for tizm step

cm mSo
GoVestibo;

default:~

T~mamsu* Tu"Mnfain smufla~r~Rmct r)

r-b.y - r.a~y + 1;

-uamrnomw UMaUBuwr,
*.w TSubdmw(O - F - i1,. kbAItF) +

Omsw Wocuftwo.* - I - nput £3.'w, cm~letlnputie.
kbF, hl.cmdomam.zt RF3w) +

Omw IMUMUKU -0-utput fuel', ctnGetOutput~i.,
ORF, hoNoConmsext, OP40) +

%sw Twmmuot.g -T-im step', cmTimsStepDialos,
kbPS, hcNoCambit, *Ps') +

%sw Tmanaltm(e ~R-un siumlation', cmRunSimulation
kbF6, hebloCcoatet, TV6));

int mino

TUlafaew Usednsloofoe;
Usednosgfesnoo;

IIPAWS=-L vesi-b~cpp
/1 Paocee Short Arm Cecniri~ge. SB~t Phase I
IIDow Crodhd Aug. 12, IM9
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/I II& Tis s the main vegibular remponm, ftinction
II thetO cafls the oioh* and canal flAmmon&.

/I

Oduilmcl <hrevin~h>
Dinclnd <imb>
Odulacue <iauonnph>

Vector oellRqwouin(doubi Vector, Vector*);
Vactor, cmkqii.doub, Vector);

void Ttiiafaoe::OoVmgibO

Vector uif, alpha,. ouses canAfr, oloAfr. down;

double abd~e~g

double apbecidon~ft,gh

outiI"fiow:haudjuieloo:osod);

int coiunt -0
intloop -0.

while (!mllseof())

coiun+ +;
ikdle> tim»>>.-» b> c > d»>.> f» > » > b i;
oawSspa.ab,bc);
alpb~as"GAej;

if (Cosut M Mi)
whie (loop, < 60.O/dt)

alpb&aW.asO,O);
otoAfir = otlt~ao sdz f. down);
c=Afr - cuml~aqimu.(dz alp);

ofoAfir mmslihaponua(dt. af, down);
conAfr m alqtm(dt, alph);

~aufle < <agew(12) < time
< uw(12) < < down.zo <C <etw(12) <« down.yo< < uetw(12) < < dows.zo
< uustw(12) <« otoAfr.xO <« sstw(12) <C < ooAfr.yO < < setw(12) < <otoAfr.zo)
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c Caaw(12) < < can~fr.xO < < uetW12) <« can4fr-yO < ue=W(12) <« canAfr.zo

Progra otolidhcpp
IIProjewt Short Arma Centrifuge, SBIR Phase I
IIDate Created: Aug. 12, 199

IINotes This is the otolith response function.

Dinclude avector.ha
Oinclude, 801triz-he
Dinclude <nuthh>

vector N oit-epasedobl dt, Vector sf, Vector &down)

Variable mad paramete definitions

dt - timesteOP (WOa
sf - specific force vector in head coordinates (G)
sfo - specific force vector in otalith coordinates
theta - pitch angle of otolitha (assumed 2-- degrees)
RM-ho - rotation matrix from head to otolith coordinates
gain - otolith dynamics gain constant
tca - specific force transducer time constant (sea)
teb = affereat prones-in time constant (ago)
afir - affeuent kingp rate vector (inqialstelsec)
down. - down estimate vector

Model and parameter values taken (rom:
Forustrom KS, Doty J, Cardullo, FM. Using Human Motion perception
Models to Optimize Flight Simlator Algorithmns (AIAA No. 85-1743)

Saccular non-linearity included as described in:
Borah J, Young LA, Curry RE. Sensory Mechanism Modelling. AFHRL-TR-77-70.
USAF Huma Rusources Laboratory (Oct 1977).

Tbw aacc- nan-linearity is applied to the specific force input after
passing throgh the, dynamics transfer function. Specific force is equal to
the inertial acceleration of the otolith in otolith coordinates.

No threshold was included because of the non-continuous output.

Vector aft, sto, afr-h, afrýp;
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staic Vecow ufol, afrl;
Matix RM oh, RbMh;o
come double rd - 57.296;
a double theft - 25.0/rd;
cone double ga - 9.0, toa - 5.0, tcb - 10.0;

RUho - astRMaUrix(O, thetn. 0);
RU=oh - bas=(M-o); //transpose of original matrix

m omat specific force input to otolit coordinat frame
afo - R~h~f b

II din constants for oolith response to specific force U
double s.- da + 2.0'tc
double al - d&- 2.00a6
double bO - int• "(d + 2.0*tcb);
double bl - gaiurca*(dt - 2.0*tob);
aft - (blsfol + bO'sfo - al*afrl)/aO;

Iave variables for next cal
dol - Ifo;
afil aft;

//apply observed mm-linearty of maccula otolith to afferent firing
II rate in ooiA coordinate frame to creat perceived aitr. Perceived

Saf permits coumutation of perceived down vector.
afr.p- ft
if (afr.zO > -45.0*o*sthet))

aftp.stO_(-O.4045 s(theta) + 0.6*af.zO);
else

aft j9@*z45'csmftha));

Icompute the drection of the down esmat by computing its normalimd
II Compomnt vectors (n ololith coordinates). Rotate the down estimate

e ack to had coordinass.
if (mr•.(•rfp) > 0.0)

down - -l.O*RM-b*(afrp/mg(frap)); /I unit afr vector
else

down.(o0,0,0);

I rotate the afferent fiing ratn back to the head frame.
af.h - Rb_oafr,

I return afih;

// Project: Sbort Arm Centrifuge, SBIR Puase I
Date Created Aug. 12, 1993
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IINolas: This is the canal response function.

Dinclude evector.he
Dincude 'matrix h
Oinclda <uath.h>

vector caalaoa~ob.dt, Vector alpha)

Variable and peaiumer definitions

dt - timeastep(a8c)
alpha - angular acceleration (degsiuecA2)
do -canal long time constant vector
tad -cana adaptation time constant vector
tdeo canal leand operator time constant vector
afr -afkeant firing rafte vector (inipulsesiaec)

Angular acceleration in the head coordinate system. The semicircular canals
are approximated to be in the head coordinate systm.

No threshold was included becaus of the non-continuous output. Instead,
we implemented the veatibular threshold unit concept.

Vector asmes bsum, aft;
Vector do;
Vectora0O, &1, &2, bO, bl, b2;
static Vector afiri, afr2, alphal, alpha2;
const double tad - 30.0, tie - 0.01;
int i, k;

tlo-set(6.1, 5.3. 10.2);

IIcalculate the numerator and denominator of the weighting constants

IIb - > numerator coefficients, a - > denominator coefficients

Vector dt-temp(dt,dt,dt); IIvectorize quantity for vector operations
bO - 2.0*tad'(d + 2.Otle)tlo;
bl - 48.0tadtletlo,
b2 - 2.0tad4 (2.0tde - dt)tlo,

20- (d& + 2.0*ta)*(d tmp + 2.0*tlo);
&I - 2.00"'dta tmp, - 8.0*tad*tlo;
a2 - (dt - 2.Otd)*(d~t te - 2.Otlo);
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IIMUI affub Mresing rate couPaOMml

numaut R(ai.zO*fl.xO + a2.xO~ufr2.xO);
aam.uel yý&l.yO*%ftl.yO + a2.yO~afr2.yO);
&xuamswgz(&IjO%ft1-zO + a.zjO*daf2ZO);
bwmnhsl(WJOI~apb&.xo + bl.xO*Ilphal-xO + b2.xoalpba2.xo);
bmmsa.u_(bO.y(Y'apb3.yO + b1.yo~mlpba1.yO + b2.yO~lpba2.yo);

bmdbet.zOO*hlpbi~zo + bl.zO*alpllel.zO + b2.zo~alphu2.zo);
afr.usiex((bsunmxO - asmmxO)IaJ.xO);
afr.wtlj((bom~yO - ouum~yO)/&O-yO);
aft.usel.4(bunmLzO - Iau~O./m-z);

// save old value
afr2 - &&I;
sf1i - fr.
alpba2 - alpbal;
aiphal - alpha;

98



APPENDIX B2
Centrifluge and Shuttle Simulation Program

B2.0 Program Name. ACCELS.EXE for MS-DOS.

B2. 1 Purpose. ACCELS simulates the dynamics of a short radius centrifuge
mounted on the space shuttle. The output can consist of linear or angular
positions, velocities, and accelerations, or dynamic forces and moments acting
on the centrifuge or shuttle. The user is able to select the size, position,
number, and gender of the centrifuge riders, as well as input simulation
parameters and shuttle and centrifuge dimensions and mass properties.

B2.2 General Description of Program Flow. On execution, the user is presented
with an interface for selecting simulation, shuttle, centrifuge, rider parameters,
and the output file name and output variables. The program can be run with
default values, however at least one rider must be selected. When the
selections have been made, Rctivating the Simulate button initiates the
simulation.

B2.3 Program Description. The file Accels.ctp defines the class Centrifuge,
derived from the Turbo Vision class TApplication. The Borland Turbo Vision
users manual should be consulted for a description of the class hierarchy and
function. Function startSimo performs the actual simulation and data
recording to the output file.

B2.4 Description of Input. There is no input file required for ACCELS. The user
should enter the output file name, output file variables, shuttle mass and inertia
values, simulation parameters, rider positions and description, and centrifuge
inertia and dimensions into the appropriate input boxes. The values in each
input box can be reset to the default values with the Default buttons. The
simulation can be initiated with the Simulate button.

B2.5 Example User Input Session. To start the program, type ACCELS at the
DOS prompt. Using the mouse or keyboard Alt-F keys, select the File menu
selection. Select New from the submenus, to open a new simulation
worksheet. Now, individually select the parameters of the simulation, with the
fbIlowing directions:

0 Select output file name: Using the mouse or keyboard, select the
name of the output file to store the data. If the file is a new one,
simply type in the name of the file. If the file exists, the program will
ask you to confirm whether you want to replace the file.
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"* Shuttle ms and inertia: The default shuttle mass and inertia matrix
can be changed if desired.

"* Sinulation time and acceleration: The duration of the simulation is
specified by the first two values. The centrifuge is initially at rest.
The duration of the first phase represents the time to accelerate to a
constant G and remain at that acceleration. After the first phase of the
simulation, the centrifuge will decelerate to rest and remain at rest until
the total simulation time has elapsed. This feature allows the long term
effects of the centrifuge motion to be assessed. The time interval can
be changed if desired. The maximum acceleration for the simulation
represents the acceleration in G's at the location of subject #1 center of
mass. The acceleration onset and tangential acceleration limit for the
centifuge can also be adjusted.

"* Rider parameters: The occupancy, percentile, gender, and head
position of up to four riders can be specified. The first position must
be occupied in order for the program to work properly. Other riders
can be added as desired, with position 3 being opposite position 1, and
position 2 opposite position 4. The program will automatically use the
appropriate mass, inertia, and center of mass values for the riders
according to the gender and percentile selected. The positior of the
rider is considered to be from the center of the centrifuge to the top of
the head.

* Centrifuge inertia and dimensions: The inertia of the centrifuge
itself, and the position of the center of the centrifuge with respect to the
shuttle center of mass can be edited in this dialog box.

* Output Variables: Check the boxes of the variables to be written to
the output file. The variables are all vectors, and all three components
of each vector will be saved. Time is automatically recorded in the
first column of the output file.

Once all the values have been selected (remember to specify at least the first
crewmember position as occupied and to select an output file name), the
Simulate button can be selected to run the simulation.

B2.6 Program Operation. When the Simulate button is activated, ACCELS will
perform the simulation and print results to the data file. When ACCELS is
finished, a dialog box will appear announcing the completion. If the program
does not operate, the most likely causes for the error is that the crewmember
pomtion #1 was not set to occupied, or no output file name was selected.
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B2.7 Output. Theprora writes adata file of time in seconds and the selected

output variables to the output file.

B2.8 SouMc Program Listing.

II -Accels~cpp
//Poject:- Short Arm Centrifuge. SBIR Phasn I
IIDate Created: May 21. 199

IINotes: This program use a Turbo Vision interface, and
II computes the kinematics and dynamics of a short
II radius centrifuge operating on the space shuttle.

Min e~ Turbo Vision compiler variables.
#dain Urn TEventQuaen
Odefins Urn -Tlvent
Odd=. Uses Application
Odd=. UnaKfys
MIda. Urn -TRact
#dain Uses TManu
PdUinP Umn TbiumBox
Ida.. Uses Thenu~ar
IdA. UMe Thlanutain
Odains Umn ThubMm
#deit Uvse.TStatusLins
#dain UsesTSbtasDsef
Idein UsesTSuLisdtam
PIdPAins UMn T~satcText
Ideit Urn TS11e
Ida.. Urn Thadioduttouia
Idefine Urn TWaeck~oxes
0Ide8 . Urn _TIDedTcp
Mains Urn _TDial
Ma IneR UMn Tfutton
Maine Umj OIbjec
Maeine, Umn Ti .iao
Mafins Urn _Tbput~in
Mains Ume TLebel

I//ncludie Borland and custom bender files
#include <tv.h>
#includs 6matriz.h'
lincluds, vector.ho
#induds <sldiob>
Oincluds, < Afdlib h >
Oinc~lde <Itr-sm h>
lincluds <utring.h>
oinclade <ionWniph>
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IIimad Other code

asig omaind valuss, ur0 valuens Over 1000 to always be visible to Turbo Vision
coast iut cimNew - 1000;
ewe int cuiHelpAbout - 1001;
coast iut cadtartSim -1002;

coast int cofitefresh 1003;
cocat it cuiFils - 1004;
coast it cnuthule - 1005;
comas it cruinim - 1006;
coast int cuSubject - 1007;
coinst int cuaCentrifuge - 1008;
coast int ctu~utputVazu - 1009;

II global variables

ofstruam fl; IIoutput file

struct SimData I simulation daft from dialog boxes

char eandriml[10J; /I/and of first simulation phase
char andruiMs1O1; aI nd of total siumilation
char dt[10J;

char oasstC3(10J;
char ummTauG(10J;

struct ShuttleData, IIshtle data from dialog boxes

Char u~a(10JO;
char I1:10]; char Ixy(10J; char M1:10;
char lyitlol; char lyy(10J; char Iy410J;
char 1:1(101; char Wzf101; char 1:4 10;

struc Subect~aa IIsubject data from dialog boxes

struct Sujet

whiort occupied.

Char pouztion[10J;
) s(41;

atruct CfugsData I short arm centrifuge from dialog boxes

cha 1(101;
Char comf 103;
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sumt OuspmDat I variables to output ifile

udwnt cbuck~ox,

double mndriil; aI nd simulation phase I
double emrntfl2- aI nd total simulation
do"bl dt;I simulation time step
double =uzaxO II ximum- acceleration in G at subject #1 c.o.m.
double ometO; swaceleration onset in G/sec
double mmTmn0; maxnuimum tangential acceleration in G

stuc Shuttle

double miss
Matri 1;

afluct Petso

ushort occupied; 0/ if person not on centrifuge, I if he is
double -ess
double com IIcenter of mas distance from top of head (cm)
do"bl tob I centrifuge to top of head distance (cm)
double 1; (Ifkg-m-2

1p1:41;

struct Cfuge IIcentrifuage inertia and center of mass relative
{ //to space shuttle center of mass

double 1;
double cozn

)cfuge

II User interface

clas Centrifuge: public TApplication,

IIDefine BIC aqlication class Centtrifuge.
private:

Centri&VgO;
static TDeskfop* initDoeraK r(Rectr)
static TMenulhr wintMenuBar(Mect r);
static ThatusLine* .. tStstusunw(eractr)
virtual void handleEvent(TMvent& event);
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void opeinilsO;
vowd nos;o
ist chsckP~runO;
void suidSmO;
vowdu~truO
void m~fmumMt;
void -,,PtdP -- ;
void uIhdhzuftO;
Void Oaks amO

void mp~iO
vowd I
void usehclOqwpwo
void behAboWtO;
void sim~iibftO

Centrifhaw:Cmctrif6uSaO: Thuoginit(&Centrifuigs&-:initStatus~ne,
&Cematfmge.:initMcnuBar,
&Ceutriibgs::iniiDesk~op)

ICamtnuctor dislay -about- box at aamtup
Thvent wind;

// Set dsfudt values
motsimpmaraDftO.

// MOWq -boW- box.
evea~wbat - evCoiniu-,nd
evvnt~smesegcoinmd - cmHelpAbout;
im~vn(even);

void Cantri~hbepAbout

/I This fkmctiws disphay startup info6
TDislog d - (TMialo*) vali~iwv(

new TDi.Iog(tkect2,S,60, 15), *Short Arm Centrifuge'));

if (!d) return;
d-> inuert(new llatfioText(TRect( 91 #139#7),

'WWOOSbogt Arm Centrifuge Software'
nWOMDiodymamic Research Corporation-

NmnWO3Noviimber, 1993'"));
d- > insedl(w T~unao.(Tpect(14,7,26,9), 'OKO, cmOK. bfDefault));
deskrop- >uexwylw(d);
destrcy(d);
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void Coinmfuge:sa.FinisbdO

// This function displays a simuaation finishednssage.
TDiulog d - (lnilO~) vald Viw(

new T7Dialog(TRmcI2,5.60, 15). "Massge Box*));

if (!d) rtmm
d- >iubar(new TSftatcTezt(T~etm1.l1.39.7)

'W~O0371m Simulation is Comphlet 6 );
d->insert(aew TVutton(TRect(4,7,26,9), "OKO cinOK, bfDcfault));
doskTop->=oxcView(d);
dsstroy(d);

void Camb gs:handleEvamt(vent& event)

IICmmurifuge handle event routine. Responds zo main -eu selections.
ushos nowMods-
TApplicatimn:hamdlvent(event);

if (evmntwbat I - evConimmnd) return;

switch (event.meusage.comumnd)

case cmNew I Open now simulation sheet

came cuaHulAbour I/ Display help about box

bresk

clearEvetgevent),

TMemnBar* Centrifu~e::initMenuDhw(TRect r)

IIThis function create the MennBar for the application.
r~by - r.a~y + 1;
return new TMemnnia(r,

"neww Th dmu.(w ~F - How, kbAItF) +
%new TMeuIndtin-N-ew', emNew, kbAltN, hcNoContext, wAlt-NO)+
newlnmo +
%ew TUemnuten('E-x-it", cmQuit, kbAItX, hcNoContext, ~AmtAX)

TDeskTop* Cumbifhge::initDeakfop(1Rt ir)
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// Overwides defabult deskctop to include a satus bar at the bottom.
r.~y + +;
r.b.y-;
return new lMeskfap(r);

T3tatusLinse Cen. gsleinitStatuaLinh(rRact r)

IIThu is~niction cates the smaus bar for the application.
r.a.y - r.b.y - 1;
return nw TStatusdine(r,

*0ww TSftftuDWf(, OxFFFF) +
*now 7thatusltem(m ~Alt-X - Exit% kbAltXC, cinQuit)

clans TNewDialog : public TDialog

IIDerived class for a now dialog box that can open other dialog boxes.
pubfic:

TNewDialos~rRect&, char*); Inow Constructor
void handleEvent(TMvmnt&); new bandlelivent routine
vita Boolea vai~skort;

TNewDkWlo::TNcwDialoS(TRmct& r, char* title):
TDialog(r, title).
TWindowhait(&TNewDialog-:iuitFrame)

{ /Construtaor derived from TMialog coustructr.

void TNcwDimlog::sundleEvaat(Tvst& event)

IINew dialog box hendleEvmnt routine.
TDialog::hmndeEvmntcvmnt); It derived from TDialog handleEvent

if (evmmt.what - - evKeyDown)
if (event~kcyDou'n.kcyCode -- kbEsc) Iif Esc, cancel from dialog be.

wevut.whot - evCommand;
eveninmesmage.command - cinCancel;,
putEventevn);

if (.vent.whAmt- evCommnmd)
andModal(event.insssage.couznund); f/ end modal state and set cominwnd

clesrEvent(event);

Bodes. TNcwDialog::vulid(ushort coummad)
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11 New dialog box valid routine - returns endModal command to calling function.
if (comumend -- caiCanlcel)

return Tna.;

retum Troup::valid(command); IIreturn command value to calling function

void Centrifuge: :newSim(void)

// This function displays a wokushet for initializinig a sac simulation.
M~ew* b;

TNewDialog* pd . new TWewlialog (Tect(.1,75,20), 'Short Arm Centrifuge Simulation*);
if (pd)

pd- >insert(new Thutton (TRact(50, 16,60.,18).' -S- imulate', cmStartSim. btNormal));
pd- > insert~new Tiutton (rRect(63,16,73, 18),' - C - ancel'", cmCancel, bfDefault));

pd- > insert(new TStadTicTutRect(2,2.40,3), 'Select output file name:'*));
pd- >inaert(new Thutto (TRect(5O,2,60,4),'"Select', cmFile, bfNormal));

pd- >insert(new TStaticText(Tftect(2,4,40,5)'OShaittle umas and inertia:'));
pd- >inbert(new TButtom (Tftct(50,4,60,6). "Select', cniShuttle, bfflormal));

pd- >inwet(new 7!StaticText(TMact(2,6,40,7),'QSimulation time and acceleration:')
pd- > insert(new Thutto (T7Rst(50,6,60,8),'*Select*, cmTime, bfNormal));

pd- > insaetnew TStaticText(TRect(2,8,40,9), 'Rider parameters:'*));
pd- >insert(new Tflutton (TMect(S0,8,60, 10),'wSelect', cuSubject, bfNorina));

pd- > insert(new TStatidText(TRect(2, 10,40, 1), 'Centrifuge inertia and dimensions:')
pd->insertwnw Thutton nt~ect(50,10,60,12),'-Select%, cmCentrifuge, btNormal));

pd- > insert(new TtAtcText(TRect(2, 12,40.13), 'Output Variables'));
pd- >inhert(nsw TButton (TRact(50,12,60,14),'*Select', cmOutputVars, bfNorinal));

// allow user to select dilferent parameter w~orksheets
ushort control;
while (control I - cmCancel)
I
control - deskTop->execView(jxl);
switch (control)

cms cmiStartSarn.
int erro - checkPwaran.;
if (!error) startSimo;
simpinisbedO;
control - cmCancel,
break;

case cmShuttle:
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came cw~mT:
setsmra~
break;

case cmSub~ject:
setSubjectPhramsO;
break;

casn cmCestrifiage:
macfugeparamso;
broak;

cmse cmFile:
oponFdle;
break;

cmn CmOutputVars:
selectOutputO;
break;

default:

destroyjp);

int Centrifuge::chedkParamsO

IIThis function checks the input parameters to make sure there are
nI o obvious errors and to convert character strings to nuilibers.

Vector a. b, c; IItemporary variables to assign matrix elements
intflag-O0; /I erroflag

dt - atoif(char) simDatadt);
andrimal - atof((char*) simDatasendlitmel);
endl"ms2 - atof(char*) simDaza.endflms2);
maxG =atof((char") simData mazG);
oosetG -atof((char*) sin~ftonet);
maxTanG - atof((char) simData.maxTanG);
if (& < - 0.0 1 endTimel. < -0.0 11 ondThme2 <= 0.0 HmaxO <= 0.0

onsetO < - 0.0 11 maxTanG < -0.0) flag =1

shutle.mass - ato1f(char) shuttleData~mass);
if (shuttle-==s < - 0.0) flag - 1;

Lsetx(atof((char) shuttleD*At.Ixx));
&.setJ(atotf((char") shutdeDataIxy));

a~etrzatotr(char) sbnttleData.Ixz));
b.setx(atof((char) shutteData.Iyx));
b.sstj(atof((chau) shuttdeDats.Iyy));
b.aetz(atof((char) shuttleData.Iyz));
c.setx(Atof((char4 ') shuttleDwata.I);
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c-sey~tASOf(cisar &UbUttDat.Izy));
r,-atotZ(&Wcbar*) *utte~awa.I));
.buttle.l.s~ab,bc); /lu$a moment of inertia matrix

if NAOx < -0.0 11 -b.yO < = 0.0O11 c.z() <-=0.0) nlag ,1. // principal m~o.i.
if (a.yo !w b.xO I I a.z(. !- c.xO) I b.z() !- c.yO) flag - 1; // product symngstry

for (int i-0; i<4; i+ +)

p[iJ.occupied - subjcctoaaaS[iJ-occupied;
p(i).1oh - asof((cba*) uabjectata~s[i].poaitjon);.
if (sbjectataIO-a~iJrcent ~--0)

if (wbjectData.s4iJ.Sender- 0) Iif malde

pPI~.maas 65.8; IIkg
pfil.com =51.6; IIcm from bead
p~i].1 - 3.8; IIkg--m2

else Iif female

pli].mass -41.0;
pfiJ.com -45.2;
p[iJ.1 - 2.4;

else if (subjectflhta.s(iJ.percent =-1
if (subjectData.s[iJ.gender -- 0)

pfiJ.mass 82.2;
p(iJ.com -53.5;
p~i].I - 4.9;

priJnas 51.5;
p(iJ.com -46.7;

if (subjectData~s~i].gender -=0)

p~iJ.inas 98.5;
p[iJ.com -55.4;
p~iJ.I - 6.0;

p[iJ.nusw 61.7;
p[iJ.com - 48.0;
p(iJ.I - 3,8;
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Mig. of((clar") cfigsData.I);
ctbge-comn - d ca'' flageDasa.comi); IInegative because of shuttle aies
if (cfug.I < -0.0) flag - 1;

return fag; IIreturn error flag value

IIThis functon displays a worlsheet for initializing the simulation parameters.
TVieww b;

ThewD ialoe pd - new TNewDialog (TRect(I, 1,75.20), 'Simulation Parameters");
if (pd)

pd->insert(new Thutton (TRect(37,16,4?,lS),O -0 -K". cuOK, bftdefmut));
pd- >insert(new Thutton (TRact(S0, 16,60,18), *-D -efault', ciltefresh, blNornal));
pd->inaertgnew TButton (ntect(63,16,73,18)," -C -ancel", cmCance, bfNornu));

b - now TinputLine (TMect(S0,2,60,3), 10);
pd- >insurý);
pd- > insert(new TI.abe (TRact(2,2,40,3), 'Duration of first phase (minutes):'*, b));

b - new Tnuputdne (TRect(50,4.60,5), 10);
pd->inert(b);
pd.-> insert(new TIabel (TMsct(2,4,49,S), *Duration of total simutlation (minutes):',. b));

b - nww Tinputdne (TRect(5O,6,60.7). 10);
pd->insrt(b);
pd- >insertnew TLabe CrRect(2,6,40,Th'Time stop interval (seconds):', b));

b -new Tinputdim (TeL-(50.8,60,9), 10);
pd->inart(b);
pd- >insert~newTLabel (rRect(2,8,49,9), OMaximum acceleration at subject I COM (G):", b));

b = amw T7W~tLine (1t~ect(50, 10,60,11). 10);
pd-> inuert(b);
pd. > inaert~aew, TLae (ntect(2,I0,40. 11), 'Acceleration onset (0/sec):',. b));

b w new Tinputdine CrRwect5, 12,60,13), 10);
pd->inhert(b);
pd- >ifaert~nw TLahe (TRact(2,12,49,13),'*Tangential acceleration limit (G):', b));

pd- >etaa*i at;
whbor control;
while (control I-cmCance && control I-cinOK)

control - deukfop->execView(pd);
switch (control)

cas cinRdefrh:
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asI~imarauuftO;
pd- > mfha&i~t)
break;

if (control - - cmOK) pd- > gtData(&simnnats);

destroy(pd);

void Cmntrifqge::setSinLParmnsDftO

IIThis function sets the default values for the simulation data.
strcpysimData.endrimel,l S1); IIminutes
strcpy(sinDafta.m.dlne2, *2*); IIminutes
strcpyiAmDaa.dt. '0.025'); IIseconds
strcpy(simData.umxO, '2'); IIG
strcpy(uimDat~onsuetG, '0.016); /10sec
utrcpy(uimData~mixTanG, *0.05 *); 1/ G

void CamtrifugecuetsShuttdeParanuO

II bis function display a worisheet for initializing the shuttle parameters.
TView" b;

TNewDialo* pd'- new TNewDialog (TMect(1, 1.75.20), 'Shuttle Parameters');
if (pd)

pd- >insergnw Thutton (TRnct(7, 16,47, 18).,' -0-~K", cmOK, biDefiult));
pd->ý-inserl(new Thutton (Tnie*t50,16,60, 18).,'- D -efault', cinRefreh, biNormal));
pd- > inuert(new Tufluon (TRwct63, 16,73, 18)," - C - ancel ', cinCancel, bfNommal));

pd- > insstqnw Thnputdine, (TMect(30,3,40,4), 10));
pd- >inuert(new TStaticTeit (TRect(2,3,20,4),'Shuttle mass (kg):')

pd- >iWnhem~w TStaticText (TRwt(2,S,30,6), wShuttle inerta (kg-m`2): a));
pd- >insert(nsw TinputLine (Tnact(30,6,41,7), 10));
pd- >inUert(D5w Tinpujne (TIltwg42,6,53,7), 10));
pd->inugertaw TinpuLine (TMect(54,6,65,7), 10));
pd-> inert(new T3taticText (TRect(2,6,20.7), 'lxx, Ixy, Ixz:'));
pd- >insert(new Tinputdn (TMuct(30,7,41,8). 10));
pd- >insert(new TinputLine (TRact(42,7,53,B), 10));
pd->inued(new TlnputLine (ntRct(54,7,65,B), 10));
pd->inwtnew TStaficText (Tlat(27,20,8),'Iyx, Iyy, Iyz2'));
pd- >inaeet(new Tinputine (TRect(30,S,41,9), 10));
pd->inuet(new Tinputji (TRect(42,8,53.9), 10));
pd- > innetgnew Tinputdine (TMect(54.8,65,9), 10));



pd- > iausuigaew TStaticTezt (TRect(2,8,20.9), 'In, Ixy, lI=."));

pd- > stsa&atl~t
ushort control;
while (control I - cinCance && control !-cmOK)

control - deskTop-> execView(pd);
switch (control)

cae cinaefifth:
ut~hntePminsftO;

pd- > staa&htl~t

default.
break;

if (control -- croOK) pd.> gtaa&htl~t)

void Centrifiqpe:ueShtl PrnsfkO

72mhi function saws the defAult values for the shuttle data.
utrcpy(uhutdlefltamnzu, '98 122'); 1/shuttle sms;inkS
ut: - lutl~aaizx, '14532551; IIshuttle inertias in kg-m-2
st:cpy-sh-tteDstaIxy, 0-75"0);
sutrc(shuttl.Datm.IU4,*-335642*);
utr CpyIhutledata.yx, *-7544);
sticpyshuttleDat In '10077164');
strcpy(shutt~Lelt.yz. u-102590);
strcpY~shu teamInx "335642*);
strcpy(shutdoData.Jzy, -10259);
strcpy(shuttl.DatM~lzz, '10346577');

void Centrifug.::uetSubjectParamnso

7I his function displays a wvorksheet for initializing the subject parameters.
TView* b;

TNewDialog* pd - now T~ewDialoS (Tftect(l,0,76,22), *Rider P~amt);

if (pd)

pd- >insert(new, Mutton (TRwgt37,19,47,2l),* - 0- K% croOK, bIDefault));
pd->insert(new Thutton (TMect(50,19,60,2l), -D-efaultO, cmRefresh, bfNornia));
pd-> insert(new Th~utton (TRact63, 19,73,21),* - C-ancele, croCancel, bfNoiual));

I ubect positions and types
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pd->imuumsgw TStaficTut (TReWt3.1,1O,2). ORidw"));

pd.> imnutwm T1IeicText (TRact(27, 1,39,2),Pecni);
pd- > bnmg( Th~kaxi~t (r~ecI(40,1,50,2), "M/F ?*));
pd->iwwgmtne TSuatcTeut (TRact(51.1,72.2), mHead position (cm)0));

pd- >insut(new TStaficText (ntwKI3.3,12,4). VI 0));
b - nmw TRadio~ufttm lt~ect(1 1.3.26.5).

nowum 7w*Vacnt% now lSlta*(Occupied'. 0)));
pd->inwmt(b);

b - new TPAdiofluto (TMcI(273.38.6),
new 73tSI(OS~ S newa TSItemCOSO% . now TSlt=V(95 % 0))));

pd->binedt(b);

b - new Tladioluntms (TRft(39,3,50,5),
twTSh@*Muiw, now TSItemn(Fu 0)));

pd->ieuct(b);

pd. > inaettnew TlnputLina (Tact(5 1.3,68,4), 10));

pd->inmetgnw TStaficText (TMect(3,7,12.8). 'f2'));
b - now TladioButtcins (TMact(1 1,726.9),

nwTl~ta**Vacuit' now TSItem('Occupied". 0)));
pd- > inuwt(b);.

b - now Tla~diouttaums (TCt(27,7,38. 10).
now TShwII(5%, new TSltem(*0%*, now TSItem'95%', 0))));

pd- >Winut(b);

b - new Tlaio~uttnm (sCt(e39,7.50.9),
new TSItewMCO' new T31temn(F,. 0)));

pd- >inueit(b);

pd->ýimhutqnw TnputLine (TMect(S 1.7,68,B), 10));

pd- >inbert~nw TftaicText (TMact(3,11,12,12), f#3'0));
b - new Tladio~uttoms (TRect( 1, 11,26,13),

new TSItIn,(*acanl, new TSltemC*Occupied", 0)));
pd-> inuht(b);

b - new Tladioflunmuz (Tact(27,11,38,14),
now TShtez'(05%0, now TS1ternt('50%, now TSIteW*(95%", 0))));

pd->hinue(b);

b - new Tiadioflutom (TMact39,11.50.13),
new TSIICOM", now TSItemCff 0)));

pd->immut(b);

pd->inuit~ew Tinputdine(TRectS1,1 1,68,.2'), 10));
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pd->iaaut(maw TStasicText (ntRat(3,15,12,16), '#4'));
b = mam -~~bl. -' '-(TRsce(1,lS,26,l7),

ama TII@IS*Vacua, maw TlItm(*Occupied, 0)));
pd->issud~b);

b - amw TRadioButtams (ntaict(.15.38.18),

nwT3semC5%, maw TS1temm(OSO0% naw TSIteum(09S%0 0))));
pd->hiaut(b);

b - maw TRFAdoflutMS (TRWct39, 15,50, 17),
maw TSlto*(M*. maw TSlemuff, 0)));

pd.-> imuurt(b);

pd- > imuatrgw Tinputji (T.ectS 1.15,68.16), 10));

pd- > uta(ab~ta
udwrt control;
while (oastro I -- cmCancel && control I-crnOK)

contral - dudffbp->sxecView(pd);
Wi~ch (Cnr)

cmn cinRefmh:

pd->s@9DsWm&=bjectData);
bonk;

if (control- cuMO pd- > utDusW&sbjectDat);

destd);O

void CmiOW::u -bchrn~t

7is h flzion sea the default values for the sbject data
for (int i-0,i < 4-i + +) /i ius bject number

sobjecu~t!aMusiJ.occuped - 0; IIdefault is unoccupied
Waubjctata.uJpsercmt -0; defauilt is 5%

xubjectdaua~(Q-.S.dwr -0; default is nule
uez-p(wbjsCu~daauLJwpontioda 61000); // default is 100 cm

) /position is the top oftdwhahnd

Void CIUtrifbuu*:usuCfugOPhraM@O

I & fthis cdc diqilay a warkahsM for initializing the Centrifuge puanutmet.
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TVisw b;,

ThewDialog* pd = now TNowDbalg (rRect( 1 .1,75.20), "Centrifuge Paranotens);
if (pd)

pd.>imusd(naw Thuftt (Ract(37,16,47.lS),o -0--K*, cmOK, bfldefaut));
pd-> inuit(uw Thittas (TRact(5O,16,60,18),o -D -efault', cmRafresh. biNornal));
pd->iinwt~mw T~uttas (TRwKt63, 16.73.18),' - C-ancel", cuCancel, bfflormal));

b - new TlnptLim C(tect(5S.3.65.4). 10);
pd->WsIuu(b)r
pd. > imart(new T~abeI (TRect(2,3.45.4), 'Centrifuge nmomat of inertia (kg-rni2):,' b));

b - now TinputLine (rt~act(55,65,66), 10);
pd-> inuud*);
pd- >imahrt(new TLabel (1'Rect(2,5,52.6),'mCfuge COM position relative to shuttle COM (mn):' b));

pd- > astData&cfugedaft);
ushod control;
while (control I = cinCaucal && control I-cinOK)

control - duak`Tbp->exec:View(pd);

-as czalfresh:

pd-> eat&cigat)
bresk

default

if (control -- canOK) pd- >eta(&fg st)

void ConrfugeW.ft

II hi funtio am doe defaul values for the centrifuge center of ms
IIlocation, (ftwad of the Amuttl corn) and inartia (only inertias
Iabout the rolatizg axis are considered).

atrcpy(cfugeDhtal.l '12.5'); mnue& up value, kg-inA2
atrpycfuqgeData~cozn, 012.9'); IIfrom Meeker paper, mn

void Canrfbuge::lectOutpntO

IIThs function displays a workmbeet for selecting the output variables.
TView b;,
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TMkle pd O w TMalog (eCI(91,2.76,20). 00u"pu Varbiabs');
if (pd)
I
pd-> incutww TBOtim (TIscI(50,15,60,17), - 0- K". cnaOK, btDeault));
pd- >Wesmt(new TButaNM (Tect(63, 13,73,17),' -C -ance', cuiCancel, bfNoamul));

I//OUWpu ndudati

pd->imawt(nsw TStaicText (ITct(~1.,2,40,3), 'TaiD));

b - now Tajeckflom resThct(11,3,45,12).
no l3Ikm*'C&Vg AWWla Velocity', new TS~teW('Cfug. Angular Acceleuutios',
now TSI'w(Cftog Drive Memo%' now TItM('=SS Force',
amew Ilena('SS Moummt', now TSItena("SS Accelerafim',

nwTSltun('SS Angular Acceleration' now T3lteni'SS COM Displacemnut',
mew TSIUD('SS Angula Diapl=ce.um,)

pd->imslrb);

pd->iinut~nw T3taticTez (TRact(0,2,63.3), '(sic)'));
pd- > bamud(in TSmicText (TMecs(5O,3,63,4), OWOugSSO)));
pd- > iaruednw 7SwicTeat C1Ract(S0,4,63,S), 0(dogluecA2)u));
pd- > ineet(ime TSt~kTaxt (TRect50,5.63.6), '(N.)'));
pd-> immhegu TSUAtcText (TRecIS0,6.63.7). '(N)'));
pd->inmulwi ThutacTet (TCI(50,O7.63,8). '(N.)'));
pd->iinl(new TStmtiTet (T~ect(50,863,9), '(0)'));
pd- > iameut TSWAtiText (TR=ct(509,63,10), '(deh/sec-2)-));
pd-> iziune TSUAiCText (T~ec(0.10,63.1 1). '(in)'));
pd->insu(new TStaticTaxt (TR=5.c(01 1,63,12), '(deg)'));

iuhot contol dukTop- > xcmViw(pd);
if (control- caaOK pd.>ge~a&up~s)

vod Centrifg:-:openFisO

// This functio, opens a Mie dialog box and opens a selected fi1e for outpu.
TWileDialoe d - 07dieDialog* validiew

new TFileD q('*.*,. 'Open a File', a'- N -anm'. (dOpen~utton, 100));
char filNMun(MAXPATHJ;

if (d)

deskfp->eueciew~d);
d->getFileN=amWflea ); // get outpu file name

fI~op.(flsN~u) IIopen output file
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-Rceo Main Routine

mnt uuv*%v4

/I ThSis as the routines for the application.

sac.100O;

II Cmrifue/ShtteSimtulation routine

void Cmti dauSimUvaid)

IIThu Amction miniiulis varible for the simulation and loops fthough
I/t specified sinsalstiao tin. All quatities expresed in metric munt..

comntdoubl x 9.81; lm/sA2
comet doubl pi- 3. 141592654; II pi
come double rd 130.01pi; IIradians to degrees
double deas, - 0.0;-
davle *nstd - 0.0; 1/ temporay variable
Vector gum c, o.sc ampP pliac; II ub an ularkie tica of efuge
Vector HLC; IIangular moetmof chige
Vector cuP cLue, alha-CLAat I last time atop values
Vector r X41. vj(441 a A4J; s/ubject kinewstics
Vector r pw[41 r putot(41; w otaod subject position

IIwith dug. position
Vector FX4J, M~p; I subject dynamics
Vector rcfiigs; centrfg coM position
Vector rum, yam, aus; sh/ttled kinematics
Vec" =usP mLmt, aSOMu81tt II last time "s values
Vector sam-. ampts, aiphaem; //udot angular inematics
Vecto amuga ot, alpbaot subjec Itetl angula vel. and accal.
Vector VinwLd AiLiLNt last time, isp values
Vecto Fa-s. *_a; sI huttle, force, moment, ans. momentum,
Vector M ink*u t -a .iblocdJ*dos~ oet

Vco111MMdu. , jr;1 zblnediegrsoi o~t

s et debik ut m pIaetr to previously defined outpu file stream
f1.precision(3,
fl.swMjo:sc&MiicicEo:Sioased);
fl.sstqios:laBiwsMui~dd);

setuep -ostn vahue
r.AOI-set(0, p(0J1tob + p(0J-com. 0); IIposition vectors for center of i~
rp(1J.aut(, 0, p(lJ.tob + p(lJ.com);
rj2.p(2Ii(0 -p(2J.tob + p(21.com.), 0);
rj(3J.s@(0, 0, 4VP(3.Ioh + p(3J.com));
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for (jut i-0; <4, i ++)
r pm iJI 0.0 m coovert positions to ai

for(i-0 ,i<4; i++)
if (plaJ-oouplisd)

inerti + - pfiJl + p(iJ.mua
pow((ptiJ.com + ptiJ.toh)1100.02.0); // riders inertia

inmetia + - ofuge.; IIadd -mn-r'(Up inerti to rier inertia

Mmliiil Jc(wnetia, 0, 0, IIcetrifuge plus rider inerta ftaior
0.0,0,
0, 0, 0);

r-cfgecuulccuge~com. 0, 0); IIcetntrig cener of positio
Matrix iuvls a- tainv(dhuttle); IIiuveras of huattle inertia towr

IIwrite, header infaaiio to output file

1mak abdmiom loop
for (tim - 0; tim < 60.0*mmdflm2; tim + = dt)

//smv old values form as munaical interation
ompc ~ ~aa oip-.c;

amp-*"~a - aimp-sm;

IIchick torme if centrifge ands to aocJerate to roach appropriate
MIaedy uw~e angula velocity to 1 1, e mG at subject 11 cmne

IIof mu Note if subjec #1 not occupied, the loop will use default
mIvaue from subject 01 to acce ALea The tangntia acceleration is

IIlimited by the maTinG vaiable
if (tim < - 60.0*Kmmfml)

if (mgaomga C A (ommugac A r..PrOD)g < - ummG)
sApbacs-aetalpbacPAO + OmuutG*gAO,,);

else
alphac.FSWt(A0,);

if ((mg(alpbsa pA r pfOD/g > - amTanO && (mg(alpha ) 1 0))
aWpbac.hetsmTanGig/mgr-rj(0D.0,0);

if (mg~omgsp) > - 0.02)
alphsc, Ftsalpa_.cxO - omitO~g*dt,0,0);

alpbscp-swt(0,0);
if ((zing(slpb -P r-jr(OD/g > - vmxTamG) && (inswaplaa c) i - 0))

al-ph.sil-muTaG*s/ms(irjit(OD,0,0);
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as.p+ - 0.S0(aphsac + alpb@mcLaa)*dt; IIcfug. angular velocity
pýmc + - O.S0(omsp c + a..ga~cLut)**; 1/ fue angula position
if (ginc.PXO > - 2.0"pI) a. ~a.zgza .0cz - 2.00pi);

II eMPOIS rt position vecors. Use tranqose, Of rotation mantrix
IIbaassuw actually need lo, -1-1 back to fixed coordinate system.

Matri Refg udtwxiggui ) 'Z');

rjrKiJ - trinRE"ctmge'jiJ; IIposition of subject relative to cfuge corn
r FotaltiJ - r-priJ + I:rChag position relative to usuttle corn

00270 coIt OIRl angular velocity and angular acceleration vectors.
ongato -omega U + omega c;
alph me- apha.P + alphac. + (ornegass A omega C);

IIconpute velocities and ecculerationms of the subjects ceater ofmae
/I Noab 0's importan because overloaded A Cfnnp c is usully
//lowe priority than + sign.
br (iu'0; i <4; i ++)

Vpic' -~jO Am - rjttli;subject velocities
apCiJ - (apattArpwtOtadiJ) + (OmeaOt- A% vpKiD; // towa acceleration
aan - al&-Pa A r-PriJ; tangentia acceleraton
and - ompac A (omega c lr~yfiJ); IIradial acceleration
I
IIcompute farce required to sacclerate the subjects. Note neglected
IIacceleration of subjects dume to motion of the shuttle - negligible
IIcompared to the motion of the centrifuge.

for 0a-0. i <4, i+ +)
if (priJ-occupied

F~p(iJ -P pw].masas-pniJ

I/ co4ipute resulta~nt acceleration of the shuttle ceater of mass due
I//to motion of the subjcts.
F.n - 0.0, I/rse toO0 each loop
for (imO;, i<4; i+ +) F.w + = -1.O'FjgfiJ; /equal and opposite reactive force
an a F-ss/skttle.muss /I/shuttle acceleration
vun +- O.50(a. + assiat)'dt; IIshuttle velocity

F-8 + -0.5*(v-as + vssLaat)*dI:; IIshuttle displacement

/I compute Moment Applied to shuittle center of mess due to acceleration
// of subjects, compute the angla momentu11 of fth shuttle, compute, the
I/ resultant angular acceleraton of the shuttle due to centrifuge moments.

M-cfiug - -.l.*L.c*alpbac; I drive torque
M-imb = r cfuge Fss; Iimbalance momenta
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H- c mga;I angular moemntum of cfuge
MyVrO - omngs. H 9-0; /1 gyroscopic restoring torque
M a - bf cfogm+ M izab - Myro; // total muvmrun applied to shuttle
alpha - invlw a M DIIs shuttle angular acceleration
omeg.A + - O.5*(apba um + //hs~std;I shuttle angular velocity
gam=_s. + - O.53(onzega + omsga..asUas)*dt; // shuttle angular displanent

/1write desired variables to output file

fn < < etw(12) <« don;
if (outputDat@.check~ox & 1)

fn <« (0 <« oump.ga..xo~ < <, «oaegacp.yO*rd < < <«omega c.zo*rd < <)

if (outputDataschedckfox & 2)
fi< < a (m <«< pbac.x0rd <C < <<alphac.yo*rd < <, < <alphkc.zO*rd < <)U

if (outputDatasclockiox & 4)
fl <« (-6 «Mf-Cuge.x < < < «M Cfuge.yo<< < <' «M -cfg.zo< < 1);

if (outpuData~check~ox & 8)
fl < <* (a <« Fus.xo<< < <, «Fss.yO <« <2 «F s.zO < < )'

if (o~uttdatacheck~ox & 16)
fl. <« (* «M-.10 < <, < < M sa.yO < < < M us.zO < <

if (ouaputatascheck~ox & 32)
fli ' < < «a-xO <«< < < asa.y(< <U < «a s.zO < <)'

if (outputData checknox & 64)
fi < U (w «apbaus.xO*td < <, U <alphasa".yO*rd < < < <«alpha ss.zO*rd < U)

if (outputDats~chackflox & 128)
i << U (*U< «r sxO <« <, «rss.y)< < <, < «rss.zO < < )U

if (outputata~checkflox & 256)
fl < < U (w < < gmaun.ss.x04'rd < < U< U< gamma _ss.yO~rd < < U< U< gsnmaw~)*rcl

nf<l<endi;

f! .closeO;
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APPENDIX B3
Cardiovascular Simulation Program

B3.0 Program Name. CVMODEL.FOR for MS-DOS

B3.1 Purpose. CVMODEL estimates the steady state pressures and flows in the
cardiovascular system. The program outputs three files: CVAOUT.TXT,
CVVOUT.TXT, and CVPOUT.TXT. These files contain the arterial, venous, and
peripheral pressures and flows in each of the 50 vascular compartments simulated by
the model. The acceleration applied to each compartment is varied by the user by
setting parameters in the program.

B3.2 General Description of Program Flow. There are four major modules contained in
three files. The main program, CVMODEL calls INiTIAL to set the initial
conditions for the differential equations which are defined in CVSUBS, and solved by
RKF45, a Runge-Kutta integrator. In its present form, the user must code the time,
and spatial variation in the acceleration and the segment orientation in subroutine
INITIAL and/or CVSUBS and recompile the program for execution. The only data
file required is a two line file which sets the integration parameters. The operation of
the program is fully documented in comment lines contained within the code.

B3.3 Output Variables. The output consists of a header in CVAOUT.TXT which
documents the integration parameters and the run title line. This is followed by 41
columns of output. Column 1 is time in seconds, column 2-21 contain pressure in
Pascals, and columns 22-41 contain flows in m3 sec-1. CVVOUT.TXT and
CVPOUT.TXT contain only the pressure and flow data, i.e. there is no header data.

CVMODEL.FOR - Decemer 17. 1993 (10:12 m)

PROGRAM CUMQDEL
C...
C... PROGRAM CWIODEL CALLS: (1) SUBROUTINE INITAL TO DEFINE THE ODE
C... INITAL COMNITIONS, (2) SUBROUTINE RKF45 TO INTEGRATE THE ODES,
C... AM (3) SUBROUTINE PRINT TO PRINT THE SOLUTION.
C...

C... THE FOLLOWING CODING IS FOR SO ODES. IF MORE ODES ARE TO BE INTE-
C... GRATED, ALL OF THE SOO'S SHOULD BE CHANGED TO THE REQUIRED NUMBER

IMPLICIT DGULE PRECISION (A-H), DOUBLE PRECISION (O-Z)
INTEGER NI, NO, NEON, NSTOP, NO
COIUON/T/ T, NSTOP, NORUM, PP. TIN

1 /f/ Y(SOO)
2 /FI F(SO0)

C...
C... THE NUMBER OF DIFFERENTIAL EQUATIONS IS IN CO0MON/NI FOR USE IN
C... SUBROUTINE FCN

COIONI/N/ NEON I TWO EQUATIONS PER VASCULAR SEGMENT
C...
C... COMMON AREA TO PROVIDE THE INPUT/OUTPUT UNIT UMKBERS TO OTHER
C... SUBROUTINES

l n /NI/I0 NI, NO
C...
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C... ABSOLUTE DIMENSIONING OF THE ARRAYS REQUIRED BY RKF45
C ...
C... THE USER NUST PROVIDE STORAGE IN HIS CALLING PROGRAM FOR TUE ARRAYS
C... IN TUE CALL LIST - Y(NEGN) , VORKC36NEQON) , [WORK(S) ,
C... DECLARE F IN AN EXTERNAL STATEMENT, SUPPLY SUBROUTINE F(T,Y,YP) AND

DOUBLE PRECISION YV(SOO), bWOR(3500)
INTEGER IWORK(S)

C ...
C... EXTERNAL THE DERIVATIVE ROUTINE CALLED BY RKF4S
C...

EXTERNAL FCN
C...
C... ARRAY FOR THE TITLE (FIRST LINE OF DATA), CHARACTERS END OF RUNS

CHARACTER TITLE(20)-4, ENDRUN(3)*4
C ...
C... DEFINE THE CHARACTERS END OF RUNS

DATA ENDRUN/*END #.'OF R','UNS 'I/
C...
C... DEFINE THE INPUT/OUTPUT UNIT NUMBERS

MISS

C ...
C... OPEN INPUT ANM OUTPUT FILES

OPEN(NI ,FILEusCWATA.DAT')
OPEN(NO•FILE.CVOPUT.TXT IBLOCKSIZE.208)

C ...
C... INITIALIZE THE RUN COUNTER

MORUNSO
C...
C... BEGIN A RUN
I NORUNw .1U
C ...
C... INITIALIZE THE RUN TERMINATION VARIABLE

NSTOPUO
C...
C... READ THE FIRST LINE OF DATA
C...

READ(NI,1000,END.999) (TITLEM), I a 1, 20)
C...
C... TEST FOR END OF RUNS IN THE DATA
C...

DO 2 1 a 1, 3
IF(TITLE(I) .NE. ENDRUN(I)) GO TO 3

2 CONTINUE
C...
C... AN END OF RUNS HAS BEEN READ, SO TERMINATE EXECUTION
999 STOP
C...
C... READ THE SECOND LINE OF DATA
C...
3 READ(NI,-,END*999) TO, TF, TP
C...
C... READ THE THIRD LINE OF DATA
C...

READ(NI,-,EN999) NEQN, ERROR
C...
C... PRINT A DATA SUNIARY

WRITE(NO,1003)NORUN,(TITLE(i), I 1 1, 20).
I TO, TF, TP,
2 NEON, ERROR
IaUTE(0,1003) NmORUN, (TITLE(I), i 1 1, 20),

1 TO, TF, TP,
2 NEON, ERROR

C...
C... INITIALIZE TIE

T a TO
C...
C... SET TUE INITIAL CONDITIONS
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CALL INITAL
C..
C... SET THE INITIAL D.AIVATIVES CFOR POSSIBLE PRINTING)

CALL DENV
C.
C... PRINT THE INITIAL CONDITIONS

CALL PRINT(NI, NO)
C...
C... SET THE INITIAL CONDITIONS FOR SUBROUTINE RKF45

TV a TO
DO 5 1 = 1, NEIN
YVCI) a YCI)

5 CONTINUE
C.
C... SET THE PARAMETERS FOR SUBROUTINE RKF45
C...
C... FIRST CALL TO RKF45
C...

RELEEN a ERROR
ABSERR a ERROR
IFLAG a 1
TOUT u TO * TP

C..
C... CALL SUSROUTIHE RKF4S TO START THE SOLUTION FROM THE INITIAL
C... CONDITION (IFLAG a 1) OR COMPUTE THE SOLUTION TO THE NEXT PRINT
C... POINT (IFLAG a 2)
C...
4 CALL RKF45(FcNNEONYV,TV,TOUTRELERR,ABSERR,IFLAG,WORK.IUORK)
C...
C... PRINT THE SOLUTION AT THE NEXT PRINT POINT
C...

TmTV
TOUT a TV + TP
PRINT *,NTim * , T
DO 6 I 1, NEON

YcI) * YVcI)
6 CONTINUE

CALL DERV
CALL PRINTCNINO)

C ...
C... TEST FOR AN ERROR CONDITION

IF(IFLAG .HE. 2) THEN
C...
C... PRINT A MESSAGE INDICATING AN ERROR CONDITION

WRITE(NO,1004) IFLAG
C.•o
C... GO ON TO THE NEXT RUN

GO TO 1
END IF

C...
C... CHECK FOR A RUN TERMINATION

IF(NSTOP .NE. 0) GO TO I
C..
C... CHECK FOR THE END OF THE RUN
C...

IFCTV .LT. (TF - O.5DO*TP)) GO TO 4
C...
C... THE CURRENT RUN IS COMPLETE, 0..) GO ON TO THE NEXT RUN

GO TO I
C...
C...
C..
C... FORMATS
C...
1000 FONMAT(20M)
1001 FOUIAT(E10.0)
1002 FOUIT(15,20X,E1O.O)
1003 FOUIAT(1N1,

1 I NUN NO. - ',13,2X,20A4,II,
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2 ' INITIAL T - '.E1O.3,//,
3 ' FINAL T - 1,ElO.3,//,
4 PRINT T - 1,210.3,//,
5 NUMNER OF DIFFERENTIAL EUATIONS - 1,15,//,
6 M AXIMU INTEGRATION ERROR - ',ElO.3,//,
7 1N1)

1004 FORNMT(1N .//,' IFLAG a ',13,//,
1 INDICATING AM INTEGRATION ERROR, SO THE CURRENT RU' ,/,
2 ' IS TERNIWATED. PLEASE REFER TO THE DOCUMENTATION FOR' ,
3 ' SUBROUTINE$,//.2IX,,RKF45',//,
4 FOR AN EXPLANATION OF THESE ERROR INDICATORS'
END
SURWOUTINE FCN(TV,YV,YDOT)

C...
C... SUBROUTINE FCN IS AN INTERFACE ROUTINE BETWEEN SUBROUTINES RKF45
C... AND DERV
C...
C... NOTE THAT THE SIZE OF ARRAYS Y AND F IN THE FOLLOUING CONM AREA
C... IS ACTUALLY SET BY THE CORRESPONDING COMI STATEMENT IN MAIN
C... PROGRAM HEADHIT

IMPLIrIT DOUBLE PRECISION (A-H), DOUBLE PRECISION (O-Z)
INTEGER NEON, NSTOP, NRUN
COIION/T/ T, NSTOP, NORUN

1 /Y/ Y(500)
2 /F/ F(5OO)

C...
C... THE NMJR OF DIFFERENTIAL EQUATIONS IS AVAILABLE THROUGH COMMON
C... /I/
C...

COUM/MoNI NEON
C...
C... ABSOLUTE DIMENSION THE DEPENDENT VARIABLE, DERIVATIVE VECTORS

DOUBLE PRECISION YV(500), YDOT(S00)
C...
C... TRANSFER THE INDEPENDENT VARIABLE, DEPENDENT VARIABLE VECTOR
C... FOR USE IN SUBROUTINE DERV
C...

T,,TV
DO 1 I = 1, NEON

Y(I) a YV(I)
1 CONTINUE
C...
C... EVALUATE THE DERIVATIVE VECTOR
C...

CALL OERV
C...
C... TRANSFER THE DERIVATIVE VECTOR FOR USE BY SUBROUTINE RKF45
C...

DO 2 1 a 1, NEON
YDOT(i) a F(I)

2 CONTINUE
RETURN
END
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SUBROUTINE CV8BUS.FOR - December 17, 199 (10:30 am)

DICK CVSUBS.FOU - SUBROUTINES REQUIRED TO IMPLEMENT A DYNAMIC MODEL OF THE HUMAN
C ... CARIOVASCULAR SYSTEM
C ...
C ... LAST REVISION: 12/01/93
C...

SUBROUTINE INITIAL
C ...
C ... THE model described herein parallels the development presented in a paper by
c ... Wihite, NJ, Cronton, DG and Fitzgerald, DO. Cardiovascular Modelling: Simulating
C ... the Nusmn Cardiovascular Respoase to Excercise, Lower Body Negative Pressure, Zero
C... Gravity and Clinical Conditions. Adv. Cardiovesc. Phys. (Part 1), pp. 195-229 (Karger,
C... Beset IM6). It also draws from papers by Jaron, at at who took a similar approach
C.. *in particular many of the parameter values for the physical properties of the sewmets
C ...* were taken from:
C ...
C ... Jaron, 0, Moore, TW, and Bai, J. Cardiovascular Response to Acceleration Stress:
C ... A Computer Simuiltion. Proceedings of the IEEE, Vol 76, Ho 6, pp. 700-707 (1988).
C ...
C... However, some of the parameters listed in Jearn were clearly in error. Wh~ere new
C ... parameters were requred they were derived to yield generally acceptable
C ... fLow/pressure/voLumie and compliance characteristics of the various
C ... cardiovascular subdivisions. In particular, date from
C ...
C ... Burton, Alan, C. Physiology and Biophysics of the Circulation. Year
C... l ook Medical Publishers, Inc. Chicago, IL (1965)
C ...
C ... and.
C ...
C ... Guyton, A.C. Textbook of Medical Physiology. 7th Ed.,
C ... V.B. Sauniders, Philadelphia, PA. (1965).
C ...
C ... The model describes the spatial and temporal variation in the mean
C ... blood pressure along the &-axis of the body. The model negelects the
C... non-linear and convective terms in the Navier-stokes Equation. The
C ...* model also asaumes negligible radial flow. The flow Is assumed laminar
C ... except in the ascending an descending aorta where fluid flow resis-
C ... tance multiplied by 33 to accoun~t for turbulent pressure Loosse.
C ...
C... N OTE: THE SUBSCRIPT NOTATION INDICATES PARTIAL. DERIVATIVE WRT THE
C ... SUBSCRIPT E.G. Xt -3, THE FIRST PARTIAL OF X WBT TIME
C ... IN THIS MODEL:
C ...
C ... t - Time [sac]

C. ý. r aRadius of vascutar segment [ml
C... t = Length of vascular segment Cml
C ... rhoC a density of blood Ekg/mA3]
C ... =A viscosity of blood DN-sec/m'21
C ...
C ... MODEL FOR ARTERIAL SEGMENT$
C ...
C ...* The following set of simultaneous eqIuations are solved for each
C ... arterial vasicular segment.
C ...
C ...* Pt(S) a 1/C*(Gin(t) - Gout(t)) + R2*(Qtln -atout)
C ... Ot(t) = I/L'(Pin~t) - Pout~t) *PGz - R0a(t))
C... rt~t) a 1/Cr*Pir'l)'Cain~t) aout~t))
C...
C... Wee
C ...
C ... P a The pressure in the segmnt (pal
C ... a a The segmental volume fltow Cm31sec]
C ...* C a The capacitance of the segment CW3/Ps3
C ... L a The Inartance of the segment Ckg/.W43 or [PasecA 2/mA3]
C ... Re The viscous fltow resistance in the segment Cm].
C... P~i The hydrostatic pressure differec
C ... across the segment because of gravity CPal
C ...
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C...
c... And, the following approximstions for Re, La, and Ca are taken fri,
C... a ppeo by
C ...
C... kideout, st at. Difforence-Oifferentiat Elquetions for Fluid
C... Flow in Distensible Tube. IEEE Transactions on efo-Nedical
C... Engineering. Vol WNE-14, NO. 3, pp 1M1-177. Jut 1967.
C...
C... Re - 1*SmCPtl(Sepi*rA4)
C... La a 9a r MOlt^/(4'VOL)
C... Ca a 3*r'VOL*t/(2*E*h)
C ...
C... where,
C...
C ... A a Young's moduLus for vesseL mael [Pal
C... h a Vessel Ualt thickness Ee.
C ...
C... FinalLy,
C ...
C... Piz a rhoO*Gz*O W cos(theta).
C ...
C... Where,
C ...
C... G0 a The z-axis "G-LeveLm in units of earth's gravity CunmtLess]
C... 90 a The earthes gravitational acceleration Cmt/secA2]
C... theta a The mIgle between the segmnt and the z-ax is (radlans].
C ...
C ...
C... NWEL FOR VENOUS SEGNTS
C ...
C... The model for venous segments was adapted fr;.
C...
C... Snyder, et at. Computer SimuLation Studies of
C... Venous Circulation. IEEE Trans Bio-Ned Engr Vot MNE-16,
C... NO. 4 pp 325-334. Oct 1969.
C...
C... The unstressed internal volume of a vascuLar segent in asemed to be
C ...
C... V a Pi*r'2*t W3).
C ...
C... When the contained volume, v, is greater than V, the transmarel
C... pressure is asemmd to be related to the contained votme by,
C ...
C... dPwaltt 1/C~v.
C ...
C... Where C if the vascular compliance as defined above. For v < V,
C ...
C... dlwatL a 1/(20*C)*v.
C ...
C... In a coLLapsed or pertfalLy collapsed vein the flow-pressure
C... relationship besed on an (asaumed) elliptical cross-section
C... and is given by
C...
C... Ot a I/Lve(Pin(t) - Pout(t) * PGz - RvOQCt))
C...
C... Where,
C...
C... Lv a 9*rhoOeL"2/(4*v), and
C...
C... 81m~A*pi^2*tl4*rA2/(8*v3) for v - V
C... Iv a or
C... 81maO*t/(8*pi*rA4) for v 2 or x V
C... or 81*.lO*t431(Cv•2)
C...
C...
C...
C...
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C ... PERIPNERAI CAPILLARY RSM.
C ...
C ... Peripheral, capillary resistance and capacitanc
C... are modetled as limped parameter models ("TO circuits)
C... followins the method of Jsaon. at at (cited above).
C ...
C ...
C ...
C ... as Rv
C... Pa o..IJ1V .-I--/VV\ ---Oa PY
C ...
C ... - poripherat

C...
C ... Pexternal (& P 0-suit)
C ...
C... Prof (Atmospheric)
C ...
C ...
C ...
C ... * PULMONARY CIRCULATION
C ...
C ... The pulmonary circulation is modelled as a Lumped
C ... parameter model again fol lowing Joarton method. The
C ... model Is a xPIO circuit as shown below.
C...
C ...
C ... Prtvent Rput
C ... Qr--I--- /VV~\.--- Pleft atrium
C... venous 1
C...* return - Cpul
C... 1
C... I
C ... Intra-Thoracic Pressure
C ...
C ...
C ... CARDIAC CIRCJLATIOU/OUTPUT
C ...
C ... The chamers of the heart are maodeled as variable capacitances
C ... separated by one-way valves. The pulmonic and aortic valves are
C ... also modelled as one-way valves. The general method of modelling
C ... The heart and its circulation follows the method of Snyder elt al.
C ... Output flow from the left atrium and Left ventricle are modelled
C ...* as simpLo half-wave rectified sinusoide whose volime flows are
C ... estimated f rom pulmonary venous fltow.
C....
C ...
C ... PRSSURE REFERENCE
C ...
C ... The pressure reference for. the model Is located at the tni-cuspid
C... valve wh~ich presumably tracks intrathoracic pressure.
C ...
C ...
C... MODEL MECHANICS
C ...
C ...* For each vessel, segmnt, three coeqpled non-linear differential,
C ... equations must be solved simultaneously. There are 20 vascular
C ... segments (the pulmonary circuit is segment 1). There are 10
C ... capillary bed segments modelled as simpLe resistance and comptiance
C ... circuits which are affected directly by extra-vascular pressure.
C... The pressures and flows in the various segments are coupled by
C ... their spatial, connection. The following table gives the
C ... approximate anatomical, location and the corresponding z-axis
C ... coordinate (measured from the tricuspid valve) for each segment.
C ...* The z-axis coorinates ware based on a 177 cm tall standing men.
C ...
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C... *Arterial

.... Origin
C... Segment Anatomical Z-ais Peripheral
C... Itaber Location coordinate (co) Bed
C ee... .... ._-- -m

C.... I Mid-Putmonery 0 x
C... 2 Ascending Aorta 0
C... 3 Descending Aorta 5
C... 4 Thoracic Aorta/Ven. Cave -8 x
C... 5 Oisphrea/Lowr Lung -15
C... 6 Roneul/Nepetic -22 x
C... 7 Sptanchnic -32 x
C... a Buttocks -42 x
C... 9 FemoralIs -50
C... 10 Mid Thigh -65 X
C... 11 Knee/Poplateat so
C... 12 CaLf -100 x
C... 13 Ankle -125
C... 14 Foot -132 X
C... 15 Aortic Arch 6
C... 16 Lower Meck 15
C... 17 Carotid Sinus 25
C... 16 Ophthalmic 34, x
C... 19 Mid Brain 37
C... 20 Cerebral 42 x
C ...
C...
C...
C... Initial Conditions (t a 0)
C...
C... The initial conditions for pressure, flow, and volume are
C... set based on a steady-state solution for the model at 1 gz
C... for a supine posture. For other poastures, the initial theta's
C... for the segments must be changed.
C...
C... Postural and/or Gz changes during a simulation.
C...
C... This can be mot easlty accoptl'shed by adding time
C... varying profiles for Gt and the theta's in SUBROUTIME DEIV
C... which form the derivatives for CVNODEL.
C...
C... THE NUMERICAL METHOD OF LINES (C.E. SCHIESSER) IS EMPLOYED TO
C... INTEGRATE THE COUPLED DIFFERENTIAL EQUATIONS (DES).
C...
C... ODE COMNM
C...
C... /Y/ tim variables
C... /F/ tim Coarivatives of variables
C... /R/ & /I/ raaL and integer parameters required to define constants and
C... 4-..ne the spatial integration grid.
C...

IMPLICIT DOUBLE PRECISION CA-N, O-Z)
PARAMETER (NEQ a 20, NPSEG a 10)
INTEGER NSTOP, NORUMN, IP
INTEGER-2 ALIN, ALOUT, VLUM, VLOUT, PVS, PIN, POUT
DOUBLE PRECISION NN2PA, muO
COIOUO/T/ T, NSTOP, NORUM I Run Parameters

Co...
C... Arrays for segmental variables Pressure (P), FLow(Q), end radii (r)
C...

1 /Y/ NP(C), NIQ(C), 1 Heart's Chambers RAUl
* AP(gEO), AWCNEQ), Ar(NEQ), I Arterial P, 0, r

WVPNEW), VO(NEQ), Vr(MEQ). I Venous P, Q, r
* VOP(3), VOD(3), I Venous flows into heart
* PP(NEG), PQ(NE@), I Peripheral P, Gin, Gout

C...
C... Tim derivatives of the seganotal variables: Pt, Ot, rt
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C...

2 IF/ NPt(4), IOU'). I Heart's Chambers ItU1
S APUtUN), AMtCEO), Art(NEO), I Arterial Pt, Ot, rt
* WtN(WO), Vt(HEO), Vrt(NEO), I Venous Pt, Ot, rt
• VIt(3), WID(3), I Venowu flow. into heart
C PPUIS(). P•(CIE@), I Peripheral Pt, Gilt, MUTt

C... Perameters nswcesary to form the differential equations
C.
C... P1- 3.141"9...
C... gO " 9.80665 LW*eWc23 earth's acceleration of gravity
C... rhoM - 1050. Ckgem31 density of wole blood (45% Nct) 1 Assumed
c... =A - 2.7 Cop) viscosity of Ahole blood (45% Nct)• Constant
C... DU - p1/180 Cradians/dogreel scale factor
C ...

3 /a/ Pi, 90, rhoO, =, DZR2, W2A, R2, I Constants
• ZAOCUEQ), ZAT(HEW), ZVO(UEG), ZVTCNEO), I Arterial & Venous
* TNETA(MEO), "CAP(4), HVOL(4), HVR(4), I Orientation angle
• ALO(KO), ArU(0EG), AE(M I), Ah(fEG), I Arterial L, r, E, h
* ACAP(CU), AUES(NEO), AINEWTCUEQ), I Arterial Capacitance, resistance
* VLO(KO), VrO(CUE), VrU(KQ), I Venom L, r, rUNSTRESSID
* VCAPO(NEO), VCAP(CEG), VIS(hlN), VIERT(MEG), I Venous Capacitance, resistance, Inertance
* PACM( ), PRVYCEG), PCAP(CES), Peripheral Re, Rv, C
* PIETT(CME), PVOL(lhb), I Peripheral I, V
* PAORMES), PVO(CiE), I Initial P conditions
• GAO(C). GVO(NEQ), I Initial 0 conditions
• AVOL(HUE). VVOLCEG). I A & V VoLius

* PEXT(NIS), I Externally applied Pressure
* TO, GgrAmR, 9WA, TIRK1, TIaMi, INAX, GFil, I G-Profile parameters

• Gz, ADPO(CME), VOPG(CEQ) 1 Gz & Delta P from G
4 /1/ lP, iDXPER(NPSEG). I Peripheral Sad indexes
* ALINCNU1), ALCUT(ME), I Linkage Data arterial
* VLIN(NCE), VLOUT(MEG), I Venous
* PIMCNEO), POUT(WEG), I PeripheraL
* PVSCNES), I Number parallel venous segments
* IFOOTMUS, IHEADME, IhEARTSEG I Foot, Heed, & Heart saeg umm

C...
C... Note that artery output flow feeds artery input or peripheral bed
C... inpuit, artery input comes only from arteries or the heart, venous
C... output fLois to veins or the heart, venous input coms from veins
C... and/or peripheral beds, peripheral beds are fed only by arteries, and
C... feed only veins. The index (I) for an segment refers to its input
C... flow and pressure. The output pressure for a sagmnt is
C... stored in PCIl) and its output flow is stored at G(000)
C ...
C...
C... Define Same Constants and Parameters
C...
C... emart velve resistances
C...

DATA NW/ 1.4806, 1.48046, 2.960#6, 2.96D46/
C..
C... Heort chosber capacitances
C...

DATA HCWP/ 2.250-7, 6.550-7, 1.120-7, 3.280-7/
C...
C... Arterial Segment tlngth Cmiters]
C...

DATA ALO/ 3.D-2, 3.0-2, 5.0-2, 7.0-2, 5.0-2,
* 12.D-2, 10.0-2, 8.0-2, 1S.D-2, 20.0-2,
• 1S.D-2, 25.0-2, 5.D-2, 2.0-2, 9.D-2,
* 10.D-2, 9.0-2, 3.D-2. 4.0-2. 1.D-2/

C...
C*.. Arterial Segment radii at t a 0 (meters]
C... These radii are based on flow resistance
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*6.00-3. 5.50-3. 4.003 3.03 4005D3,
* 2Z.M0-3, 4.M0-3. 2.M3-3, 1.000-3, 6.005-3.
*3.000-3, 3.000-3, 3.005-3 3.000-3, 1.505-3/

C:..:: es radii we Imsad an capacitance wW resistance
C ...
C ... Young#s imodalus for arterial. segment watts (Pal

DATA All / 2.WS.5 S.Oo..S, 5.00*.5 7.00+5, LO.055
& .00.5. B.OM4, G.05+.5 8.00.5, 1.00*6,

* .05#.6 1.00*.6 1.00+6, 1.00+6, 6.054S.
5.05+., 6.00.5. 6.05.5. 6.00+5, 6.00+5/

C ...

DATA AIh / 2.0-4, 16.0-4, 16.0-4, 14.0-4, 12.0-4,
*12.0-4, 10.0-4. 10.11-4, 8.0-4, 8.0-4,

9 .0-4, 6.11-4, 6.0-4, 5.0-4, 5.0-4,
*6.0-4, 6.0-4, 6.0-4, 5.0-4, 5.0-4/

C ...
C ... Numer of parallelt venous path* in each segment
C-...

DATA PW/ 4, 1* 1. 2. 4. 4. 4, 4. 2. 2,
*2, 2, 4. 4. 2, 2, 4, 4, 4, 4/

C ...
C... *Venous sevient length Casters)
C...

DATA VLO/ 10.5-2, 2.0-2, 4.0-2, 10.5-2, 20.0-2,
*48.5-2, 40.0-2, 32.0-2, 30.0-2, 40.0-2,
*30.0-2, 40.0-2, 30.D-2, 8.5-2, 18.0-2,
*20.5-2, 36.0-2, 12.D-2, 16.0-2, 4.0-2/

C ...
C ... Initial, radii for Venous sesmut Clasters)
C ...

DATA VjIJ/ 5.05-3, 5.00-3, 5.05-3, 3.00-3, 3.00-3,
* 3.0-3, 3.00-3, 3.250-3, 3.00-3, 3.55-3,
* 3.50-3, 3.3-3, 2.50-3, 1.05-3, 4.55-3,
* 4.00-3, 4.00-3, 3.3D-3, 3.05-3, 2.05-3/

C ...
C ... venous capacitance CV31Pa)
C ...

DATA VCAPO/ 5.00-7, 5.00-5-, 1.000-7, 3.005-7, 5.00-7,
* 5.00-7, 5.005-7, 4.000-7, 3.005-7, 2.50-7,
* 3.05-7, 5.000-7, 5.005-8, 5.000-9, 2.05-7,
* 5.00-7, 8.000-7, 1.000-7, 1.000-7, 3.00-6/

C ...
C ... Peripheral, Segmnt Indices (There are 10 peripheral aesents).
C...

DATA NDXPER / 1, 3, 6, 7, 8, 10, 12, 14. 16, 20/
C-...
C ... Peripheral, Vascular Capacitance CW31Pa)
C ...

DATA PCAP/ 1.130-7, 0.00000, 3.M5-8, 0.0100, 0.0000,
*7.505-8, 1.135-7, 7.500-6, 0.0000, 3.750-8,
*0.0060, 3.750-8, 0.00500, 3.750-8, 0.00500,
*0.00000, 0.00M0, 3.M3-8, 0.00000, 3.75-6/

C ...
C ... Peripheral Vascular Rlesistance Arterial. side [Pa-sec/t3)
C ... Assign 9.919M to segments with no peripheral, bed.
C ...

DATA MIA/ 1.200+7, 9.99099, 1.415+9, 9.99099, 9.99099,
*1.390#9, 3.40.6, 1.370.9, 9.99099, 1.340#9,
*9.99M9, 2.110.9, 9.90599, 6.345.9, 9.99109,
*9.99099, 9.99199, 1.320.10, 9.99099, 6.670+8/

C....
C... Peripheal Vascular Resistance Venousaids CPv-s=e/3)
C... Assign 9.91M9 to seimets, with no peripheral, bed..
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C...
DATA PQV/ 1.330"6, 9.99099, 1.5410,. 9.99099. 9.99099,

1.S40&. 3.30D+7. 1.52D08. 9.99099. 1.490",
* 9.g99099 2.4304, 9.99099. 7.04M, 9.99099.
* 9.99099, 9.99099, 1.40• 9, 9.99099, 7.42D+7/

C...
C... InitiaLize extramiJrel pressure vector
C...

DATA PIXT/ 0.00+2. 0.00.2, 0.0.D2. O.00.2, 0.00.2,
* 0.00.2, 0.00+2, 0.00.2, 0.00.2, 0.002,
* 0.00.2. 0.00.2, 0.00.2, 0.00+2, 0.00.2,
* 0.00.2. 0.002, 0.00.2. 0.00.2, 0.00.2/

C...
C... set initial flow [W31sec
C ...
C... Arterial flows
C...

DATA AO/ 8.970-S, 9.000-5, 9.00"-5. 6.500-5, 6.500-5,
* 6.500-5. 5.670-5, 2.330-5, 1.500-5, 1.500-S,
* 6.670-6. 6.670-6, 1.670-6. 1.670-6, 1.670-6,
* 1.670-S. 1.670-5, 1.670-5. 1.S8D-5, 1.580-S/

C..
C... Venous f tow
C...

DATA VO/ 9.000-5, 2.000-5, 7.500-5, 7.000-5, 7.000-S,
* 6.500-5, 6.500-5, 2.330-5, 1.000-5, 1.100-5,
* 4.700-6. 7.500-6, 4.500-6, 1.670-6. 1.670-5,
* 1.6"70-5 1.670-5, 1.670-5, 1.58D-5, 1.56D0S/

C ...
C... Venous .etagu flows into heart
C ...

DATA VOG/ 9.00-5, 1.70-5, 7.30-5/
C...
C... Peripheral flows
C ...

DATA PG I 8.970-5. 0.00000, 8.330-6, O.O000, 0.0000.
* 8.330-6. 3.33D-5, 8.330-6. 0.0000, 8.33D-6.
* O.O0,0. 5.000-6, O.00000, 1.670-6, 0.0000.
* 0.00, O.0000. 8.33D-7, 0.00000. 1.D-S/

C...
C... Initial Heart Flow

DATA NO / 8.970-5, 8.970-5, 8.970-5, 8.97D-SI
C...
C... The following arras code the tinkae between vascular segmnts
C... Each sement Link alem-nt contains the index of the next segment
C... in the cardiovscular tree. For examte, ALIUC3) a 4, which
C... mans arterial pment 3 feeds arterial segent 4. Segmnt -1 codes
C... for teminat peripheral baeb for arteries and for the heart for veins.
C...
C... UEINENT A1 A2 A3 A4 AS A6 A? AS A9 AIO All A12 A13 A14

DATA ALIN/-I, 3. 4. 5. 6. 7, 8, 9,10, 11, 12, 13, 14, -1,
C...
C... SEGNENT AIS A16 Al? AIS A19 A20
C...

* 16, 17, 16, 19, 20, -1/
C.-.
C... Venou ikave
C...
C... SEGIEIT VI V2 V3 V4 V5 V6 V7 V8 V9 V1O VII V12 V13 v14

DATA VLIMi-1, -1. -1, 3. 4, 5. 6. 7. 8, 9. 10, 11, 12, 13,
C3...
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C... EmT VS V16 V17 V18 V19 V20
C ... P20

• 2, 15, 16, 17, 18, 19/
C ...
C... Peripheral Linkage, PIN specifies the input source for the
C... ses nt which is ony frm arteries. POUT specifies the output segmnt
C... which is only to veins. "0 sees there is no perIpheral segmnt for the
C... segmnt number. Vete that the pressure at the inlet of the parilporal
C... seeo nt is at A(PIN(i) + 1)
C..
C... 111UMNT PI P2 PS P4 PS P6 PT PS P9 PIO P11 P12 P13 P14
C... DATA PIN / O, O' 3, O' O, 6. 7, a. O, 10, 0, 12, 0, 0,

C... IWNuiT PIS P16 P17 PI8 P19 P20
C ...

0, 0, 0. 18, 0, 0/
C..
C... noST P1 P2 P3 P4 PS P6 PT PS P9 PO P11 P12 P13 P14
C ...

OATA POUT/ 1, 0, 3, 0, 0. 6, 7.8, 0.10, 0. 12, 0, O,
C...
C... ESUGNT P15 P16 P17 P18 P19 P20
C...

• 0, ,0. 1, 0, 0/
C ...
C... Z-als positions relative to tricuspid valve for
C... the origin of the arterial esngmt Omi
C ...

DATA ZAO/ O.OO0, O.0O, 5.0-2. -6.D-2, -15.0-2.
O -20.0-2, -32.0-2, -42.0-2, -50.0-2, -65.0-2,
• 8-5.D-2, -100.0-2,- 125.0-2, -130.0-2, 6.0-2,
* 15.0-2. 25.0-2, 34.0-2, 37.0-2, 41.0-2/

C ...
C... Z-axis positions relative to tricuspid valve for
C... the termination of th arterial ssmnt m& 1.
C ...

DATA ZAT/ 3.0-2, 1.50-2, O.D00. -15.D-2, -20.0-2,
* -32.0-2. -42.0-2. -50.D-2. -65.0-2. -1s.D-2.* "100.D-2,-125.O-2,'13O.D'2° "132.D'2, 15.D-2,
* 25.0-2° 34.0-2, 37.4.-2, 41.0-2, 42.0-2/

C°...

C... Z-axis positions relative to tricuspid valve for
C... the origin of the venous sepment Wml.
Co...

DATA Z*O/ 3.0D-2,1.50-2. -1.50-2, -15.0-2, -20.0-2,
S -32.0-2. -42.0-2, -50.0-2, -65.D-2, -"5.0-2.

* " 1030.2, -125.0-2,'-130.0-2, -132.0-2, 15.0-2,

* 25.0-2, 34.1-2. 37.0-2. 41.0-2, 42.0-2/
C ...
C... Z-axis positions relative to tricuspid valve for
C... the temint ion of the venous sssment Ewa.
Co...

DATA ZVI/ 0.000, 0.0000, O.00000 -1.50-2, -15.0-2,
-"20.0-2, -32.0-2, -42.0-2, -50.0-2, -65.0-2,

S -"5.D-2,-100.0-2,-125.0-2.-130.0-2, 1.50-2,
• 15.0-2, 25.0-2. 34.0-2, 37.D-2. 41.0-2/

C ...
C... Initial orientations (digress) of z-axis projection of vascular
C... essmnts. Arterial and venous assumed to be at the sam orientation.

DATA TNETA/ 0.00, 0.00, 0.00, 0.00, 0.00,
*0.00, 0.00. 0.00. 0.00. 0.00.

* 0.00, 0.00, O.DO, 0.00, 0.00,
0.00. 0.00, 0.00. O .DO0 0.00/

C ...
C... Define soon physical constants
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C...
PI a VACM("-1..1O) I pi
90 a 9.806500 1 e/se2 - Owthos gravity
rho0 10SO.ODO I kg/3 - density of whoet blood

* • 2.70-3 I N-seC/m'2 - fluid viscosity
M a P1/1O.00 I scale frim d$grwss to redians
NWA a 1.01 05/760.00 I scatl frionlm 1 to Pascals
62 a0.00 1 Initial 4 a 0
R2 - 0.000 I Jaron's all energy term

C... INITIAL COINDITIr S (T a 0)
C ...
C... The pressure re set assmUnt a p1m1 posture ie transverse gO.
C... The initial pressures aer miaigned b Linearly interpolating
C... pressures from the foot to the heart md from the heart to the
C... cerebral 1s41mit. The men arterialI pressure Is assumsd
C... tobe100 aftat theheertand95 m=Natboth thefootand
C... cerebrat semnts. The venous pressure is assumd to be 2 wM
C... at the heart and S #f at both the foot mnd cerebral seswnts.
C...

PAFIOT a 95.DO*N2PA
PAIID a 95.0O0NI2PA
IFDOOTrE a 14
IREMu a 20
111.AT* G a 1
PRATOI a PIEXT() I Right Atrial Pressure
NP(1) a PlATEN + PA I Inlet Pressure to light Atrium
IPM a 2.3011e2PA I increase in right &trial pressure
PIWUT a lPC) + lP1 I Inlet Pressure to Right Ventricular3i(2) - P3l~IT
IP2 a 11.0"U0 I Increase in right ventricutar pressure
PLATlN 4. I Left Atriat Pressure
P(3) a PLATON I Left Atrial InLet Pressure

S-3 4.- COMM I
PLVNIT a l(3) + DP3 I Left Ventricular Pressure
NP(4) a PVIET I Inlet Pressure to LV

* 92.00*NN2PA I Increase in LV Pressure
C ...
C... a-Profi le permeters
C ...

TO a 0.00
*3T1T a 0.30
sax a 3.00
TIMX 55.30
T1Ki a 5.00
I a 40.00
GFIN a 3.00
i11

DO WILE (I .L'V n)
TIIETAMi) * TNETA(i)*321t

END 00
i1.

DO WEILE Ci .1. liEO)
CALEF * 1.30

IF( I .S. 5 .OR. 1 .90. 15 ) SCALEF * 33.D0
AKS11( a) u l1.D0 ALO(i)/(S.DO'Pi*ArU(i )4)*S•AEF
31W a MUE(PVS(i))
Vr(i) a O IM(Vri), 1.330VrU(i))
VUIUS i) 1 .0nACVLO( I )/DPVS)/(8.DO*Pi*Vr(i )I.*4)

B.ODO
APOI) = liP(2) + NDP÷ 2.001 A
APM2 a nPM4 + OK .+ 2.0MA
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00 WNIII. C f AAE. IFOOTSIG)
APMt AW(-1) -AGOi-1)'ESCI-1)

* - rhoQGz'gr(ZAO(f)-ZAT(f))*DCOS(1IITA(i))

AP(13) a APM3
I a 1
00 WHILE f A .E. IVIEASEG)

APMi AP(f-1) -AG(f-1)*ARES~i-1)
* 4'rhoO*Gz'g0(ZAO~i)-ZAT~i)DW (TNETA(i))

c ...
C ... Set the initile radii and arterial capactac
C ...

00 WHILE 0I AE. NEW)
waoLL a APMi

deltal a 7.5O-1dwstLAru~i)'*2/CAE(i)*Ahcl))
Ar~fi) a AeU(f) + deltalt
ACAPCi) a 3.DPi*Ar~f)**3ALOCi)/C2.00AECi)*AhCi))
daltate a dwLItACAP(i)/C2.D0*Pi*Ar(i)*ALO(i))
Ar~f) a ArUMi + deltIR
AVOLCI a PfiAr(f)**2ALO(i)
fia +

END DO
C...
C ... Initial Venou Pressures
C ...

VOPM2 a NP(1)
YOPM3 a NPM1
VP(1M NP(3) + VO(1)VEES(1

* rhoPCrOUCWZVO() - ZVT(1))ODCOSCTIETA(1))
VPC2) a OP(2 * vaC2)*VRS(2)

* rhooz~gC~vo2) -ZVT(2))0KOS(THETAC2))

VPC3) VOC)*V() ES)
* rhoO*Gz* W (ZVO(3M ZVTC3))ODCOSCTNETA(3))

isa'
00 WHILE f A .E. IFOOTSEU)

VPMi VP(f-1) + vaWMi)WSC
* ~~ rhoC*Gz*W*CZVOCI) - WOWI))CO(TNETACi))
f31 a 1

END DO
VP(15) a WP(2) + YG(15)*VRES(13)

rh*G**(V(5 - ZVTC1S)) OCTNETA(1S))
f a 16
Do WHILE C i AE.. INEADUEG)

VPMi VP(f-1) * VO~i)WVlES~f)
* - rhoP*Gz*SV(ZVO(i) - ZVTCI))0OCOS(TNETA(i))
f . f

EmD Do
C ...
C ... Coapute the fnitial resistances
C ...

f1=
DO WHILE 0i AE. MEG)

VCAF(i) a VCAPOU)
dwmll a VPMi - PEXTCI)

daltal a U~mLVCAP~i)/(2.Qi~VrIJ(1)*VLO~i))
vr~f) a VrU(f) + deltal
deltal a dewsL'VCAP(f)/C2.DO*Pi'VrCI)VO(i))
Vr~f) a YrU(f) + daltal
VVOLCI a Pfivr(f)**2VLO~f)
1.a1 *1

END 0

C ...
C ... Initial Heart flows
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C...
10(1) a 9.0-5
MM) a 9.0"5
M(3) a 9.0-5
N0(4) a 9.0-5

C ...
C... Set initial Peripheral Pressures
C...

PP(1) a PO(1)*PRA(1) VQ0()*PQtVC1) * VPCI)I u3

00 WHILE ( I .LE. UEQ)
IF( PIN(i) .GT. 0 ) THEN

PP(i) a APO(1.)
END IF
1.i1.

ENR DO
PP(14) a PG(14)*PRA(14) * VQ(14)'PRV(14) + VP14)
PP(CO) a PG(20)*PRA(20) + VO(20)*PRV(20) + VP(20)

C...
C... Call DERV to set initial derivatives -- Loop to stabilize derivatives
C...

I a
DO WHILE 0i .LE. 100)

CALL DERV
iai1+

END 0
IPSO
RETUR
END

C...
SUIRUT IE DERV

C...
C... DERV CALCULATES THE TINE DERIVATIVES TO BE INTEGRATED BY RKF45
C ...
C... ODE COMMO
C...
C... /Y/ tim variabLes
C... /F/ time derivatives of variables
C... /S/ spatial derivatives of variables
C... /R/ & /I/ reol and integer parameters required to define constants and
C... define the spatial integration grid.
C...

IMPLICIT DOUBLE PRECISION (A-H, O-Z)
PARAMTER (MEG a 20, NPSEG a 10)
INTEGER NSTOP, NORIN, iP
INTEGER2 ALIN, ALOUT, VLIN, VLOUT, PVS, PIN, POUT
OwULE PRECISIOm wI&2PA, -j

CO4SON/T/ T, USTOP, NORUN I Run Permters
C...
C... Arrays for segeental variables Presaure (P), FLow(S), and radii (r)
C...

1 [1/ HP(O), I00(4), 1 Hert's Chambers RAO
• AP(NEG), AOCNEG), Ar(CEQ), I Arterial P, 5, r

VP(NEO), VO(HEG), Vr(NES), f Venous P, 0, r
S VOP(3), VO0i3), 1 Venom ftows into heart

• PP(ME0), P0(NE0), I Peripheral P, Gin, Gout
C...
C... Tim derivatives of the segemental variables: Pt, S t, rt
C...

2 /F/ NPt(4), Hat(4), I Heart's Chambers RAuI
* APt(hEi), Aot(NES), Art(HEQ), I Arterial Pt, Ot, rt
* VPt(NEQ), Vot(NEG), Vrt(HE.Q), I Venous Pt, Ot, rt
* VOPt(3), VOct(3), I Venom flows into heart
* PPt(HEa), PQt(NEG), I Peripheral Pt, IlNt, aCU~t

C...
C... Parmeters necessary to form the diffw atiel eqLations
C...
C... Pi - 3.141f9...
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C... so - 9.00465 (/secA21 earth's acceleration of gravity
C... rhoO 1050. Ckg/mr3] density of whole blood (453 Met) I Assadm
C... swO - 2.7 Ccap viscosity of whole blood (451 Nct), Constant
C... 02a - p1/180 (radiaus/dogree] scale factor
C...

3 /I/ Pi, gO, rhoO. mO, 021, IU42PA, R2. I Constants
* ZAO(NEU), ZAT(NEG), ZVW(NEO), ZVT(NHE), I Arterial & Venous
* THETA(CEG), HCAP(4), HVOLC4), NVR(4), I Orientation angle
• ALO(MEO), ArUJE(Q), AE(NEG). Ah(NEQ), I Arterial L, r, E, h
* ACAPMNIO). ARES(NEQ). AINERT(NEQ), I Arterial Capcitance, resistance
• VLO(NEQ). VrO(NEQ), VrU(NEO). I Venous , r, UNSTRESSED
• VCAPO(NEO), VCAP(NEQ), VWES(NEG), VINERT(NEQ), I Venous Capacitance, resistance, inertance

• PRACHEO), PRVCNEQ), PCAP(NEQ), I Peripheral na, Nv, C

• PINERT(NEG), PVOL(NEO), I Peripheral 1, V
* PAO(NEh), PVO(NEQ), I Initial P conditions
• QAO(NEO), VO(NI), I Initial 0 conditions
• AVOL(NE0), VOL(#NE), I A & V Volums
• PEXT(NEO), I Externally applied Pressure
• TO. OSTART, GIMAX. TIUKI, TUIR2. TMAX, GFIN, I G-Profite pereters
• Gz, ADPGCNEQ), VODPG(NE) I Gz & Delta P from G

4 /1/ IP, NDXPERCNPSEG), I Peripheral ed Indexes
• ALIN(NEQ), ALOUT(NEQ), ! Linkage Data arterial
• VLIN(NEG), VLOUT(NEG), I Venous
• PIN(NEQ), POUT(NEQ), I Peripheral
• PVS(NEQ), I Nimber parallel venous segments
• IFOOTSEG, INE#DSEG, INEARTSEG I Foot, Need, & Heart seg rums

DINENSION PQOUT(NEO)
C...
C... Right Heart
C...

PRATRN u PEXT1) I Right Atrial Pressure
WM(1) a PRATII + NN2PA I Inlet Pressure to Right Atrium
HOPI = I.DO*NN2PA I Incrmse in right atrial pressure
PEtWNT a #P() + HOPI I Inlet Pressure to Right Vantricutor
HP(2) a PRVENT
NOP2 a 11.D0*NI2PA Increase in right ventricutar pressure
PINTHO a -1.0D0 '362PA I Intre-thorecic Pressure I Extramural

pressure for the pulmonary bed
C...
C... Left Heart
C...

PLATAN a 4.0O0I"2PA I Left Atrial Pressure
HPM3) a PLATR4 I Left Atrial Inlet Pressure
HDP3 a 4.00*NK2PA
PLVENT a NP(3) * 1DP3 I Left Ventricutar Pressure
NP(4) a PLVENT I Inlet Pressure to LV
HDP4 a 92.DO*N2PA I Increase in LV Pressure

C...
C... Ensure pressures are not Less than external pressures
C...

00 WHILE ( i .LE. MEG )
IF (VO~i) .LT. 0.00) THEN

VO(i) a 0.00 I Venous valves
VOWt() a O.DO I -3, reverse flow NOT ALLOWED

END IF
isla +

END DO
t11

DO UHILE (i .LE. 3)
VOOCI) * ONAXI(VOO(i), O.O)

E110 DO

AOM() = OMN A(IA ). O.DO) I No reverse flow into the heart
AG(2) a DNAX(AGC2), 0.00) 1 from arteries or out of the heart
NOM1) a DIMXIC(H(1). O.DO) I into veins
NOM(3) a DNAXl(H(3), 0.00)

C...
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C ... Set tht Neat level 6 level
C ..

CALL TRWO(TO. UTMT. WAX. TMAX, TIMIK1TOM, GF INTGz)

C ... Set peripheral inlet pressures to the appopriate
C ... arterial, outlet pressures
C....

D0 WHILE ( f AlE. MEG)
IF( P01I) AGT. 0 ) THEN

PPOi) aAP( 14)
PRtO) aAPtWi.)

END IF

UMD D0
C..
C... Capne the resistance, capacitance and Inertance for the arterial segnmets
C...

APC1S) a APc3
Do WHILE Ci ALE. NEW)

IF C AP() ALE. PEXT(i) ) THEN
A'ji) x ArUCI I If arterial. pressure is betow external.

END IF I pressure set radius to minimum (unstressed).
C ...
C ... rationalize pressure, radius, and capacitance.
C ...

dwatL a OUA1APOi) - PEXTCI), O.DO)
ACAPMI a.CP*ri*3AOf)(.OA()A~)
dattaf da iSIACAP(I)/(2.DO'pi*Ar(i)*Aj.Dci))

C AMCI ArUMi * deltalt
AVOLCIM PI'Ar(i)*2*ALOCi)
SCALEF a1.00
IF( I I.LE. 5 OR. f .A0. 15 ) SCALEF - 33.DO
*118(1 a SI .0OmA.ALO(i)/(S.DObPi*Arci )*4)'SCALEF
AINERYCIO) a 9.DO~rhOOALOCi)**2/C4.DOAVOLC1))
ADUOCI a rhoa~fzv0*(ZAO(i) - ZATOi))DCOS(THETACO))

END 00
C..
C... Venou resistance. capacitance and inertance for the venous segments
C...

DO WHILE (I ALE. NEG)
dPwall a DNAX1(VP(i) - PEXT~i),O.00)
vrmmx u 1 .41UZUVrU( 1)
vr~i) a DIRMI(Vr~i), VrU(1))
VrW) a DNIN1(vr~l), Vrmax)
DPVS = DOLECIPVS8))
VYOLMi w Pi*VrCI)*2VLO0ci
VIESCI a 81.DOACOOVLO( I)iDPVS)/CS.DP*Pi'VrC I)**4)
VINERT(I) a 9.DO~rh*opVLOcI)*21C4.00.vVOLCi))
VDPGI) rhoP*GZ*W(ZVO(f) - ZVTOW)DOWSUTHETAI))

END DO
CAPI. i .0-2 I Capittary Length

Do WHILEC i ALE. NPSEG)
j a JOXI)E
dwall DSIAXICPP~j) -PEXTCJ), W2PA) I Min pressure 1 maIg

PVL PrflPj) * 0uall

END D0
C..
C... Define the differential, equations describing pressure, flow, and
C... radius
C..
C... PtCt) - I/CC(Qin(t) - Cout~t)) - Rt2/C*(Qtin~t)- Gtout~t))
.C... *t(t) a 1/LC(Pin(t) - Peut~t) + PGz - Pext - POM~))
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C ... rt(t) a 1/C2*Pfr~t)'CQin(t) - out~t))
C ...
C ...
C ... Info.. to the right atriuma NOO() a VVOC2 4 VQ(3)
C ...

IF CVG(2) .1.9. 0.00) WP(2) a NP(1)
WOWtc) * .bO/VINERTC2)*(VPC2) - HPC1 + VOPOC?) I Outf Law from the Su.perior V.C.
* VRESC2)*VOOC2))
IF CVO(3 I.E.. 0.D0) VPM3 a HP(1)
VOQtC3) I 1DO/VINEETC3)*CVPC3) - HPC1) + VDPGC3) I Outf Los from the Inferior V.C.
* - VRESC3)'OO3))
HOW~) *V00t(2) + V00tC3)
HG0() W ORM2 + W(3)

c....
C ... Right Atrium (Heart Segment 11
C ...

1102 a HG0() - MOM(2
1102t a NatC1) - N~tC2)
1112 a 2.0-5/HCAP(I)
11PtCl) a 1102t*N12 * H02/HCAPCI)
RPM~) M 0.00
11PtC2) - O.DO
MeC2) w (UPM1 + 11DP + IhhlA - HPC2))/MVRC)
110tC2) a (HPtC1) - NPt(2))/MV(1)

QM02) ai NOW()

C ...
C ... Right Ventr~ici (Heart Segment 23
C ...

1102 a NOM2 - AGO)
1102t a NOWC) - MtC1)
1112 a 2.0-SIIICAP(2)
IIPtC2) - N02tHi2. + N W HCAPC2
NPtC2) a 0.00

C ...
C ... Putmonnry Circutation
C ...
C ... Pulmonary Artery CArteriaL Segment 13
C...

A02 a AGO) -P0(1)

A02: a AGC1) -PQC1)

AR? R/AcAP(1)
APt() a AM2t'AR2 + A02/ACAPC1)
APt() a 0.110
ArtC1) a I.DOIC2.DO091'Ar(1)*ALO(1))*A02
Art(1) a 0.00
A001) a 01)(2) + NDP2 + 2.DO'142PA - APC1))IHVRC2)
AQt() a CHPtC2) - APtC1))/HVRC2)
AGO1) a NO0M2

C ...
C ... Pulmonary CapiLtary Bed De~ripherat Segment 11
C ...

POW() a 1.DO/AIUERT(1)*APC1) - PPM1 4 ADPGC1)

*- ARES(1)P0(1))
P02 U P0(1) - VQOi)
Pp~t(1) u M(1)POCI) + P02/PCAP(1)

C ...
C ... Putmonary Veins
C...

VOW1) 2 CPPtC1) - VPtC1) - P~tCI)*PRA(1))/PRV~l)
V02 a VOQi -10(O)
V02t a VOW() - N*t(3)
V22 a R2/VCAP(1)
VPt(l) a V02t'WR2 + V02/VCAP(1)
Vrt(l) = 1.D0/(2.D0OPi*vrCI)*VLO(1))*V02

C VrtCI) a 0.00
C ...
C ... Left Atrism [Mart Segment 31
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C...
NUMC3 a LOOM/VIMTC1)*CVP(1) -NPC3) * WPGC1)

VOotCl) a 110t(3)
N0? a bhOM -NOM
Ma~t a KUM:0 - NUM(4
1112 a 2.0-5/NWA(3)
N ItC3) a 1192t112 + 1102/NCAPC3)
NPC(3) a 0.00

C...
C... Left Ventricle CNeart Segment 43
C...

110(4 a (NP(3) + 1DP3 + 2.001662PA HP(4))/HVRC3)

NUMC4 a CI~tC3) - HPt(4))/NM (3)
110t(4) a VmtC3)
1102 a 110(4) - AOCZ)
1102t a NOWtC) -A~t(2)
1132 a 2.D-S/ACAP(4)
HPt(4) a 1102t*Nb2 + 1102/HCAPC4)
Npt(4) a 0.00

C...
C... Aaca~ing Aortic artery CArftevia Segment 23
C...

A0(2) a CHPC4) + NDP4 * 2.DOIUI2PA - AP(2))/NVRC/.)
AGMZ) a (Nft(A) - AptCZ))/IMV(4)
A02 a A0(2) -0(3) - *0(15)
A02t a AOt(2) -A~tC3) - AGC15)
AR2 a 32/ACAPC2)
APt(2) a AO2t*AR2 * A02/ACAPC2)
APt(2) - 0.00
Art(2) a 1 .00/C2.DO*PiArC2)*ALOC2))*AG2
Art(2) a 0.00

C...
C... 0.ecm~ndi Aorta CArterlat Segmnt 33
C...

AQt() a 1.00/AIUERT(2)*(APC2) - APM3
+ A *09(2) - ARES(2)*(AG(3) + AG(lS))) -AGWCS)

A02 a O AGO3 *() - P0(3)
AG2t - A00() - A~t(4) - Pat(3)

APt(3) a AO~t'MR2 * A02/ACAP(3)
A~t(4) a 1 .D0/AIUURTC3)*(APC3) - AP(4 + ADPGC3)

* - ARES(3)AGC4) + P0(3))) - P~t(3)
ArtC3) a I.DO/(2.DO*PiAr(3)*ALOC3))*AA2
Art(3) a 0.00

C... Form the derivatives for the other arterial seqsrts below the heart.
C..
C... Thoracic and Cardia me CArterial, Segmat 43
C...

A02 a AQ(4) - AG(O)
AG?: a Aft(4) - AGtC5)
M32 m R2/ACAP(4)
APt(4) a 1 .00ACAP(4)A02 + ARAG2t
AWt() a 1.00/AINEIT(4)APC4- APC5)

+ * DG -064 AM5S(4)*AGC5))
Art(4) = ¶ .00/(2.DOOPIAr(4)9.LO(4))*AG2
Art(4) a 0.00

C..
C... Diaphra CArterial. Segmmnt 53
C...

A02 u AG(S) -*0(6)
A02t a LAtS) - A~t(6)
*32 a R2/ACAP(5)
APt(S) a AR2*AQt + A02/ACAPCS)
A~t(6) a 1.00/AINI3T(5)*(AP(S) -AP(6)

+ * MP(S) - A3ES(S)A())
Art(S) a 1.D0/(2.D~i*Ar(5)*ALO(S))MA2
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Art(S) a 0.00
C ...
C ... Rouet - Nepatie EArteriat Isement 61

A02 a AGO6) - AG) - PO(6
£02t a A~t(6) - AQW() -P02(6)
M12 a RZ/ACAP(6
APt(6) a ARM2A2t + A02IACAP(6)
A0tC) a 1..D0/AINERTC6)w(APC6) - AP(7

+ ADPO(6) - ARES(6)*(AG(7) + P0(6))) -PatC6)

ArtC6) = 1 .DO/(2.DC*Pi1r(6)*ALO(6))£0G2
Art(6) = .0

C ...
C ... Sptanchnilc [Arterial Segeent 72
C ...

A02 = AMC? - AGMS - P0(7
AQ2t a Aflt() -A~tC8) -POWC)
A12 n E2IACAP(7
APtCT a M2R2M~t + A021£CAP(T)
Wet() = i.D0/AINERTC7)*(APC7) - AP(8)

+ AOPGC7) - ARES(7)*(AM(8) + P0(7)) P~t(7)
ArtC7 a .D0/C2.D0*P1iCA7)£ALOC7))£Q2
ArtC7 a 0.00

C ...
C ... Buttocks (Arteriat Segment 83
C ...

*02 a AG(S) - AOC9 - PO(8
AM2 a AGt(S) - AMt(9 - P~t(S)
£12 a R/CPS
AMtS) a I.DO/ACAPC8)*A02 + AR2*AG2t
AQt(9) a 1.DO/£INERTC)(Ap(8) -AP(9

+ ADPG(8) - ARES(S)*(AG(9) * P0(8))) -Pat(S)

Art(S) a 1 .DO/(2.D0*Pl*Ar(S)*ALO(8WA*£2
Art(S) = 0.900

C...
C... Femoratfa [Arteriat Segment 92

A02 a AG(9) - AG(10)
£02t a AQW() - AGt(1)
AR2 a VCP
APt(9) a Aft2*AQt + £02/ACAP(9)
AGW(1) a I.DOM£NERT(9)'(P(9 - APC1O)

+ * DfPQ(9) - ARES(9)£0G(10))
Art(9) a I .D0/(2.D0OPi*Ar(9)*ALO(9))*A02
Art(9) a 0.900

C ...
C ... Thigh [Arterial Segment 102
C ...

A02 a A0010) - A0011) - P0010)
£022 a AOW(O) - A£0t~I) - POW(1)
£12 a 1221CAP(10)
APt(1) x AR2*AG2t + A02/ACAPC1O)
A*02(1) a 1.00/£IERT(10)(AP(10) - AP(11)

+ * MPGC1O) - ARES(10)'CAGC1I)..PQ(10))) Pat(10)
Art(10) a 1.D0/(2.D0*PI*Ar(10)*AL0(10))*AG2
ArtOlO) - 0.90

C ...
C ... Knee [Arterial Segment 11I
C ...

£02 a A0011) - A0012)
£022 a A~t(11) - MtC12)
£12 a R2/ACAP(11)
APt0ll) a A02/ACAP(11) + £12'£02t
*02(2) a 1.D0/£IERTC1MAKCP(1) - AP(12)

*+ * DPGC11) - ARESC11)*A0C12))
Art(11) a 1.D0/(2.DO*PI*Ar(ll)*ALO(11))*AG2
Art(11) z 0.00

C ...
C ... Calf (Arteriat Segment 121
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c...
A02 a A40(2) - AS(13) - P0(12)
£02t a AMUlR) -A~t0l3) - PatC12)
AU2 a UIA/CAPCI2)
APt(12) a AV*A2t + A02/ACAPC12)
A~tC13) a 1.00/AIUERTC12)*(AP(12) - APC13)

* * *396(12) -A315C12)C£0C(13).P0C12))) - Pat(12)
Art(12) a 1 .D0/(2.D*PI*ArC12)*ALOC12))MA2
ArtCI2) a 0.00

C... *AnLe [Arterial, Segment-133

A02 a M0(3) - AG(14)
£02t a A32(13) -A~t(14)
£32 - U/ACAPC 13)
AMU(1) a A02t'R2 + AG2/ACAP(13)
AGOt~4 a 1.00/AMEET(13(AP(13) -APC14

+ A *89(13) -ARESOW3)GOC1))
Art(13) u i .80(2.OO*Pi'ArC13)*ALO(i3))'A02
Art(13) a 0.00

C... Foot EArterial Segment 143
C...

A02 a A3(14) - P0(14)
£02t a AGOt(-4 P~t(14)
A32 a 32/ACAP(14)
A92(14) a A W A2t + AOZIACAP(14)
PQt(14) a 1.800A11E3TC14)APCI4) -PP(14) + ADP0(14)
*" ARE(14)'90C14))

Art(14) a ¶ .00/C2.00OPi*Ar(14)*ALO(14))*A02
Art(14) a 0.80

C..
C... Periphcal MWd in Foot (Peripherel Segment 143
C...

VS(14) a DNAX1(CPPC14) - WP(14) -PO(14)PRACI4))/PRV(14),O.DO)
P02 a P00(4) -W904)
P9t(14) a P~t(14)PRA(14) + P02/PCAPCI4)

C..
C... Venms Drating. f rm Foot (Venou Segmnt 143
C...

V~tC14) a CF. (1:4) -VPt(14) -POtC14)*PRACI4))/PRVC14)
V42 a VQ(14) - VOC13)
V02t a V~t(14) - Vt(13)
ViZ a iZVVCAP(14)
W~t(14) a V02t*14* + .2/VCAP(14)
Vit(13) a 1.DOIVINRURT14 VP(14) - VPCI3) + VDPG(14)

- VEIC14)*I(13))Vrt(14) a 1.DOI(2.0Oftvr(14)*VLO(14))'V02
C ...
C ... Ankle DVenu Segment 133
C ...

PeMnclZ) a (PP(12) - Wc(12) - PRA(12)P0C12))/PRVCI2)
NaUt? m (992(12) - Wil(12) - MR(12)*P~tC12))/PRV12)
V02 aVS(13) (110(12) - PQWI(12))
V02t aV~t(13) -(VQt(12) - POaUT:
ViZ R2AVCDD(13)
VPCI13) a V~t*M + Vi2/VCAPC13)
V~t(12) a LOOM/VWtET(13)*(VP(13) - VP(12) + VOPG(13)

- VUS(13)*(W(12) - P0OU(12))) + POQlit
Vrt(13) a 1.SO/(2.D0P1'Vr(13)*VLO(13))'V02

C..
C... Calf [Venou Segment 123
C...

V02 -Vi(12) -V0(11)
VS~t aVit(12) - VQtCl1)
ViZ R2E/VCAP(12)
W~tCI2) a tV0 2.* V02/VCAP(12)
V~t(l1) a 1.80/VJLUTR(12)(CVPC12) -VPC11) + VDPG(12)

* - WuSOWWV0COM

141



Vrt(12) a I.VO/(Z.00*91Vr(I2)*VLO(I2))'V0
C ...
C ... Knee (Vutsw Ugmnt III
C ...

PGOUT(10) a (P9(10) - VP(1O) - PitA(1O)*P0C10))/P(IVO)
POmiT: a (P92(10) - VPW(1) - PItA(10)90~tC10))/PItV(10)
VI2 *VS(01) - 00010) - PQWCOUT ))
va~t M0Vt(1) - (Vot(I0) - poJwt)

vpt(11) - V02t*M + VIZ/VCA(11)
V~t(10) a I.DO/VIUBTIRT1) 0(VP(11) - VP(1O) + VDPG(11)

*~ VEI(11)*(VGI() - POOUTCO)) + POaUt
Vrt(11) a I.DO/(2.DO*PiVr(11)'VLO(11))VI2

C ... Thigh (VnOWA $SeVmt 102
c....

va~ a VI(00) - VI(9)
VI21; a VQW(O) -V~tC9)
VIZ a R2/VCAP(10)
VPt(10) a VQtW2.+ VGZ/VCAP(IO)
VOW() - I.DO/VIMUT(10)(W(1CO) - VP(9) + VDPO(O)

* - V11(10)*VO(9))
VrtClO) a I.DOI(2.DO*PiVr(1O)*VLO(1O))*VOZ

C ... Femoelis W(VAn. Sepwt 92
C ...

PWHUTS) a (PP(B) -VP(S) -PRACS)*PG(6))/PRV(S)
PWJUTt a PP92(8) -VPt(8) - PRA(S)PMtC8))/PIV(S)
V02 VI(9) C VI(S) - PGWCTS))
VI2t *VQt(9) CVIU8O POaUTO
VIZ R2JVCW(9)
VPtC9) a VI2tVE2 + W2/VCAP(9)
V~t(S) - I.DO/VIUIRT(9)*(VP(9) - VP(S) + VDPGC9)

*- VREE(9)*(VO(6) -PIOUT(S))) + POOUTt
VrtC9) u I .DOI(2.DO'Pi~Vr(9)'VLOC9))'VG2

C ...
C ... mattocks (Venou Sooent 8M
C ...

POOUCT() a PP9(7) VP(7- PRA(7)*MC(7),Pa(?)
POQQ~t a (992(7) -VPt(7) -PRA(7)'PMt(7))/MI(7)
V02 VI(S) -(VD(7) - PQMIT7))
VI02t *V~t(S) -(V~t(7) - POWT2)
VIZ * U/VCAP(S)
VMtS) = V02t*VIZ + V02/VCAPc8)
VOW() a I.D0/VIUET(8)'(W(SB) - VP(7) + VDPG(8)

* ~- VEs(s)(CVI(7) - PGaIIT7))) + POJt?
Vrt(8) a 1.00/(2.00*9IVrCS)'VLO(S))*VG2

c....
C ... wplanchic [Venou Sagmnt 73
C ...

MOUT(6) a (P9(6) - VP(6) - PRAC6)*PO(6))IPRVC6)
POMUTt a (P92(6) - VPt(6) - PRA(6)PMtC6))IPRV(6)
V02 VO(7) CVI(6) - PoaUT(6))
VIZ? VQW() (V~tC6) -POaUT?
VIZ R2I/VWC*C)
VPt(7) a VI2VIZ + V02/VCAP(7)
V~t(6) m I .D0OIVIUT(7) P(7) - VP(6) * VDPG(7)

*- MS(7)*(VI(6) - PQUT(6))) + POSJTt
VrtC7) a I ..D/(2.D009iVr(7)*VLO(7) )*V2

C ...
C ... lmana - Napatic venous Somont 62
c....

VI2 a VI(6) - VO(S)
vIZ? - vat(6) -vat(S)
VIZ a R2/VCAP(6)
VPt(6) a VIZVEZ2 + V02/VCAP(6)
Vat(S) a 1 .00/VIMET(6)*CWC6G) - VP(S) + VDPO(6)

* I VIS(6)VI(S))
Wrt(6) - 1.00/(2.00*91WVC6)VLO(6))V12
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C...
C... Disphreq (Venowsevaent Si
C...

VsR a VC(S) - O
VOzt a Vot(s) - Vat(')
Vi2a * 3IVC*P(S)
V~tCS) a V0t* + VSZ/VCAPCS)
VOW() a 1.0O/VIERT(S)*(VP(S) -VP(4M VOPGCS)

' WUICS)*0(4))
Vrt(S) a 1.DO/(2.00PPivr(S)*VLOCS))WV2

C..
C... Thorecic Circulation (VenomS Segaent 43

POUT(S) a (PPM) VPM3 - A(3)'PO(3))/PItV(3)
PWUTt a MUM() VPt(3) - AC3)'P~tC3))/PRVC3)
V02 u W(4) -(VOM - POOUT(3))
V02t aV~t(4) (W~t(3) -PGOUOJt
VR2 4 2/VCAP(4)
W~t(4) w VS~t'VR2 + VG2/VCAP(4)
V~t(3) a 1 .0O/VIERTC4)'(VP(4) -VPC3) + VDPGC4)

- VRE3C4)(CV(3) -PQCUT(3) + POOUTt
Vrt(4) a I.DO/(2.DO*PIVrC4)'VLO(4))'VG2

C..
C... Inferior Vans Cave (Venom Segaent 33
C...

VOR a VO(3 - V00C3
V02t a VotC3) - V00t(3)
V02 - i2/VCAP(3)
VPt(3) a VO~tVR + vG2/VCAPC3)
Vrt(3) a l.DO/(2.DCPfivr(3)*'VO(3))*V02

C...
C..
C.:. Above the heart
C..
C... Subdavian -Upper Thorax (Arteriat segmant 153
C...

APCIS) a AP(3
MR2 a M(15) - MC(16)
M02t = ARMS15 - M~t(16)
A32 a W~ACAP(s5)
APt(15) a (MQ2tAR2 + A02/ACAP(15) + APtC3))/2.DO
Mt(15) a I.DO/AIUERTC2)*(Aft2) - APC15)

+ * MPG() -ARS(2)*(MC(3) + MQ(15))) - M~t(3)
M~t(16) a I.DO/AINWRTI5)*(AP(15) - APC16) + ADPGC15)

*- ARESCIS)MA(16))
Art(15) a ¶ .DO/(2.D0P~iAr(15)"ALOC15))MA2
Art(15) a O.KO

C..
C... Lowe Me& (Arterial Sepient 163
C...

MR2 u AGC16) - MCI?)
M02t a M~tCI6) - AatC17)
M32 a R2/ACAP(16)
APt(16) a AG WAR2 + M2I/ACAPC 16)
AMtC17) w I.DO/AINERTCI6)*(APC¶6) - APC17)

* * ADUO(16) - ARESC16)MA(17))
Ajt(16) *1 .OO/(2.DO*PIAr(16)*ALOC16))*Af2
ArtCI6) O .D0

C..
C... Upper Neck (Carotid strma) (Arterial Segment 17
C...

AM2 s MC17) - MCIB)
A02t a AM(1) - MtCI)
AIR a R2IACAP(17)
APt(17) - AM2t'A2 + A02/ACAP(17)
Mt(1S) a 1.DOIAINERT(17)C(AP(17) - APC1S)

* AWPS(17) - AR!S(17MC1S))
ArtC17) a 1 .DO/(2.DOOPI*ArC17)t ALOC17))'AQ2
Art(17) a 0.00
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C ...
C ... Opthamic tArtwftie Segeet 143
C ...

A02 a A209) -(0009) + P0(18))
A02t a AGM(1) - (AQW(9) * P~t0l8))

A2a W2ACIP(1)
Aft(18) a A@2tAR2 * A02/ACAP(11)
AM("¶) a 190/AIMETO¶)WCAFO) -AP(19) + APPOCIS)

* ~ARIS(16)AI(19) + P0(16))) Pot(18)
Art(18) a 1 .D0/(2.DO*PIArClS)*ALO(15))M2G
Art(18) u 0.00

C...
c... Midrain (Arterial leSOMn 193
C...

A02 s AG(19) -AO(20)
A02t , Aft(19) - A~t(20)
AUZ , R2/ACAP(19)
Aft(19) = A02t'ARZ + A02/ACAP(19)
Aat(20) a 1 .D0/AINIIT(19)*(AP(9) -AP(Z0) + AIDPG(19)
*- AR13(19)'MQ(20))

ArtC 19) a 1 .00/(2.DO*PiAr(19)*AL0C19))*AOZ
Art(19) a 0.00

C...
C... Cerebral EArterial Sepaent 203
C...

A02 a A0(20) - P0(20)
A02t a AWN(2) -P02(20)
£12 a RZVACAPC20)
AP~t(20) a M2t*AR2 + AGZ/ACAP(20)
ArtC20) a 1.!)0/(2.DPI*ArC20)*ALO(20))MZG
ArtC20) = 0.00

C ...
C ... Cerebral bed (Peripheral Segent 203
C ...

P~t(20) a 1 .DO/AINERT(20)*(AP(20) - PP(20) + *096(20)
* ~- ARIS(ZO)'PO(20))

V0C20) a ONAXIC(P9C20) - WC(20) - PO(20)*PRAC20))/PNV(20).0.DO)
P42 w P0(20) - VQ(20)
P92(20) - Pat(20)*PRAC20) + P02/PCA(20)

C ...
C ... Venou Drainage from Prain EVenou Seomnt 203
C....

VQtC20) a (P92(20) -VPt(20) - P~tC20)*PRA(20))/PRVC20)
V02 a 110(20) - 110(19)
11022 a 1102(20) - V~tC 19)
ViZ a R2/VCAP(20)
vft(20) a V02t*MR + V02/VCAP(20)
vt02(9) = 1.00/VINERT(20)*(W(20) -WV(19) + VM(G2O)

* - VEESC20)'W(19))
VrtC20) - 1.00/(2.DOPI*VrC20)*VLO(20))*M

C ...
C ... Mibroin EVenous Segment 193
C ...

PQWJ(1S) a (P9(18) - VP(1S) - PRA(I8)'POC1O))/PRVC18)
POUt? a (PPtC18) - VPtC1S) -PRA(18)*P~tC1S))/PRVCI8)
V42 a 11(19) (VO(IS) - POOUT(1))
11022 Vot(19) -(11t02() - PCOUW20
1132 2 2/VCAP(19)
VPt(19) a V0t0 # VG2/VCAP(19)
VOWS1) a 1.00/VIUET(19)*(W(19) - VP(15) + WpPG(9)

* ~- V13(19M'VO(1S) -POMOUTSM * poJt2
vrtC19) a 1.DO/(2.DO*Pi'Vr(19)VLO(19))1102

C ...
C ... opthatsic (Venoum UePmt 183
C ...

viZ a 110(1) - V007l)
ViZ? a V~t(lS) - 11t027)
VR2 a W~08A(1)
VPt(1) aVg2tW2Z + V02/VCAP(1S)
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vatt1y) * .IVmumIIT(18 (W() MIT1) * UPC 1)

C ...
C ... IUec Mee* PVuu $"Mot 173

V42 a VIKI7) -WO
va a wd17T - MOO1~

vIZ a ?2~0CP(7)
VPWT() a vI~tW2 * VU/VCID(17)
MOO16 a 1.9"/IUIU1(1)(W(1) - W(16) VM(1CI)

Vrt(I?) " ./2DPV(7'L1)W

C... LMWe Meek (JV~ta) [Venou SeOsn 161
c...

VIZ a VS(16) - V4015)
Vmat = MOOid - MOS)
VIZ a azIVcW(1)
wUI46) a V~tW + VSZ/VCAP(16)
VWICS) a 1.00/VIUITC16)*(V(16) -VP(15) + VMPO16)

Vrt(16) - l.DhI(2.DOPi~vr16)'VLO(16))*W2
C ...
C ... subtieln (Veou 3ý n 153
C ...

V12 a VOIiS) V4K2)
Of a (OS) - WtC2)

V12 a EZ/VWOS)
W't(15) * ft*M + VIZIVC*P(15)
VOW2) u1.D0/VRUT(1S)(W(15) - VW(2) + VMOPCS)

vrtCIS) *1.D0/c2.0"Ptvr(15)*VL0(15))W2
C ...
C ... Superlo Vin Cow r[Veno Seent 23
C ...

VIZ - VOZ) - VOO)
VI2t a vftC2) - U~ft(2)
V12 - 42/VCAP(2)
VWt(Z) a V~tVRZ + IVG/CAP(2)
Vrt(2) = 1.001C2.00*PIVr(2)'VL(2))*VG2

C..
C... Fom.the dawivatiwe for the portphirat bode
C ...
C ... aptheimdc Pefripheral sepwit 183
C...

P02 a Pat") - P=T108)
PRSC1) a PftC18)/PMIA(1) -P02/(PRA(18)'PCAPC 18))

C..
C... TFhora en Coronaie (Periphera Siant 33
C...

P02 w P6(3) -POau (3)
P~t(S) a PP(C3)/PRAC3) - P02/(PIAC3)*PCAPC3))

C..
C... ltmindvr of PeripherL Sipmnts
C...

00 UWILE~i AlE. 1100316T 1
IF c IWICI) .AT. 0 ) THE

Paz a PO(i) - pmnUci)
POW() a PPtCt)/PRA(t) - 102/(PRACi)*PCAPCI))

U. IF

hSIUP~T 1 PhIhTCUI,N06. WT?. Ma)
C..
C... WI ChI
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C..-
C... /V/tm~ie
C ... /F/ tim derivatives of vaiM11es
c ... /W qmsia derivatives of vfariale
C ... AV &/1 pa rst andI iteger psmtersw required to def ine constants and
C.... dat ing tim Spatial integra~tion grid.
C ...

IMPLICIT OMULE PSECISIOU (A-H, O-Z)
PARRMTS twoS a 20. MPG - 10)
1111. USU0p. NOUN, IP
IN1gUSM ALIN, M.WUT, WIN, VLOUT, PVS, PIN, POUT
NIuL PUCISION W", mAO

011/i T. NTOW. HOIRM I aim Parameters
c ...
C ... Arrays for s~omtel. variables Pressure (P), Flom(S). aind radii Cr)
C ...

I /Y/ NPM4, USC'), 1 Heart's Chniers RAOl
* APCN), AG(Mh), Ar(011S), I Arterial. P, *, r
* W(ES), VOCAhS), VrC010), I Venoms P, 0, r
* WP() V04(3). I Venous fltoms into heart

P P(CM), MOROE), I Peripheral, P. Gin, bout
C ...
C ... Time derivatives of fte selpeantul variables: Pt. Ot, rt
C ...

2 /F/ NWt(4), o5tC4), 1Heawt's Chambrs Maul
* WtUE), AOCNSO). Art(NEG), I Arterial. Pt, Ot, rt

M WCUE). WeCNR). Vrt~lU), I Venous Pt. Ot, rt
VOW VOW3. (), I Vemnu fltow into heart

* PPtChu)l PatC(M). I Peripheral Pt, Gilt, =Uft

C ... Parameters necessary to form the differenoti equat ions
C ...
C ... Pi 3.14159...
C ... go - 9.80166 Dnlsec2l earthm's acceleration of gravity
C ... rho - 1050. lUWW33 density of deal* blood (45% Het) 11Assumed
C ... mA - 2.7 Wop viscosity of whole blood (45% Nct), Constant
C ... 023 - pl/180 Cradiuun/dsgseal scale factor
C ...

3 /1/ Pi, gO, AGoO, =A, M,3 IUI2A, R2. I Constants
* lCKWS), lATCHES), ZWOhES), ZVTCNEO), I Arterial, & Venous
* TIVETACUES). NCAPC4), NVOLC4), NVR(4), I Orientation angle
* ALE(hhG), ArIJCNG), AECUG), MNiCES), I Arterial t. r, E. h
* ACAPCHEO), ARESCUE-0) AINEIThEG), I Arterial. Capaitance, resistance
* VLOCKS), VrocHES), VrUCHEO). I Venom L, r, rIUSTSESSED
* VCAPOCNS), VCAPCUES), MESUM), VIHERT(NEG), I Venous Capacitance, resistance, inertance
* PSACIU), PSVCUE), PCAP(IIEG). I Peripheral as, Itv, C
* PINETCNES), PVOL(UEG), I Peripheral 1, V
* PAMNE). PYOCUE). I Initial P conditions
* MO S). SVCmE), 1 Initial G conditions
* AWOLCM), VWLCNES), I A & V Volss
ft POUCHE). I Externally aiplied Pressure
* TO, CSTART, OWX TIRSI, TflK2, THAX, GPIN, I 6-Profile pearmters

CzN, A006CM00), VDPOCUEG) 1 92 & Delta P from 6
4 /1/ IP, WJXMWIRNUG), I Peripheral led Indexes

* ALINCUE), ALOUTCHEG). I Linkage Data arterial
* VLWCSM). VLOUT(MEO), I Veoums
* PluCm), PUITCUES), I Peripheral
* PYICKS), I Amber parat lel venous segme its
* IPOOTIE, INEADEG, IHEARTIEG I Foot. Head, & Heart sag rum

C ...
C ...
C ... PRINT A NEhDlK FOR TNE MNUERICAL SOLUTION

'PulP.'
IP(IP.60.1)WRITECNOI, 100)
IrpCI.U.1 )IITECNoT, ISO)

PIPmp.10IMETECom, 100)
ircip.U.1)WITITeC1)

C IUITIMUO2)
C URITUCUO,2) T
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c ...
C ... PRINT TOR SouWTlo
c ...

NMI1) a VU(2) * WS(3)
IRIIEC '.1) T, Sa, TUETA(t).(WP(k). kuluG). CVO(k), kst.UEG)
mRilIc -.2) T, ft. THETAM(N)(P(k). kul.4), (W1(k). krn114)
WITIC(06.2) T. ft. TNETACl)*CW(k), k1l.NU). (MAk). kul*NE0)
*RITi(N07,2) T. ft. TUETA(1),CWP(k). kul,SO). (VO(k). kal.NEG)
lRIli(M00.2) T. ft. TUETA(1),(PP(k). kslNE). (POWk, kal.UEO)

2 PRM~T(3F.4460(12.4. 1)

100 PinT(21.' Ttinef.M.' ft 0 0 Thete O'.( Art Press%
*0 O Art FiewO'.I Op V Prow*', Op Vn ftemsq'O Pied Pr 0)
#ATM
END
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PR0GAM RKF4S.EOR

*ECK RKEF45
SUBROUTINE RKF4C(FINEQY.TTOUT.RELERRABSERE. IFLAGM.WOR, IdORK)

C FIENLRM FOURTH-FIFTH ORDER RUUNGE-ITTA METHOD
C
C WRITTEN BY N.A.IATTS AM L.F.SNANPINE
C SANDIA LABORATORIES
C ALNUNUERIUE,NEV MEXICO
C
C RKF4S 15 PRIMARILY DESIGNED TO SOLVE NON-STIFF AND MILDLY STIFF
C DIFFERENTIAL EUTIONS WHEN DERIVATIVE EVALUATIONS ARE INEXPENSIVE.
C RI(F4 SNOULD GENERALLY NOT If USED WNEN THE USER IS DEMIDING
C HIGH ACCURACY.
C
C ABSTRACT
C
C SUIIOUTINE RKF4S INTEGRATES A SYSTEM OF NEON FIRST ORDER
C ORDINARY DIFFERENTIAL EQUATIONS OF THE FORM
C DY(I)/DT = F(TY(1),Y(2),...,Y(NEQN))
C WNWRTHE Y(I) ARE GIVEN AT T .
C TYPICALLY THE SUBROUTINE IS USED TO INTEGRATE FROM T TO TOUT BUT IT
C CAN B USED AS A ONE-STEP INTEGRATOR TO ADVANCE THE SOLUTION A
C SINGLE STEP IN THE DIRECTION OF TOUT. ON RETURN THE PARAMETERS IN
C THE CALL LIST ARE SET FOR CONTINUING THE INTEGRATION. THE USER NAB
C ONLY TO CALL RKF45 AGAIN (AND PERHAPS DEFINE A NEW VALUE FOR TOUT).
C ACTUALLY. RKF4S IS AN INTERFACING ROUTINE WHICH CALLS SUBROUTINE
C RKFS FOR THE SOLUTION. RKFS IN TURN CALLS SUBROUTINE FENL WHICH
C CWNPUTES AN APPROXINATE SOLUTION OVER ONE STEP.
C
C RIF4S USES THE AUGE-rUTTA-FEHLRERG (4.5) METHOD DESCRISED
C IN THE REFERENCE
C E.FENLSERG , LOU-ORDER CLASSICAL UNGE-KUTTA FORULA$ WITH STEPSIZE
C ChTROL NASA it I-315
C
C THE PERFORMANCE OF RKF4S IS ILLUSTRATED IN THE REFERENCE
C L.F.SNANPINE,N.A.WUTTSS.DAVENPORT. SOLVING NON-STIFF ORDINARY
C DIFFERENTIAL EQUATIONS-THE STATE OF THE ART
C SANDIA LABORATORIES REPORT SAND75-0182
C TO APPEAR IN SIAN REVIEW.
C
C
C THE PARAMETERS REPRESENT-
C F -- SUBROUTINE F(T.YYP) TO EVALUATE DERIVATIVES YP(I)=DY(I)/DT
C NEON -- MNAER OF EUATIONS TO BE INTEGRATED
C Y(*)-- SOLUTION VECTOR AT T
C T -- INDEPENDENT VARIABLE
C TOUT -- OUTPUT POINT AT WHICH SOLUTION IS DESIRED
C RELERR.ABSERR -- RELATIVE AUD ABSOLUTE ERROR TOLERANCES FOR LOCAL
C ERROR TEST. AT EACH STEP THE CODE REaUIRES THAT
C ABSCLOCAL ERROR) .LE. RELERRABS(Y) + ABSERR
C FOR EACH COMPONENT OF THE LOCAL ERROR ANU SOLUTION VECTORS
C IFLAG -- INDICATOR FOR STATUS OF INTEGRATION
C WOtRK(*) -- ARRAY TO HOLD INFORMATION INTERNAL TO RKF4S WHICH IS
C NECESSARY FOR SUBSEQUENT CALLS. MUST BE DIMENSIONED
C AT LEAST 346*NEGN
C IWORKIC) -- INTEGER ARRAY USED TO HOLD INFORMATION INTERNAL TO
C RKF45 WHICH IS NECESSARY FOR SUSSEQUENT CALLS. MUST BE
C DIMENSIONED AT LEAST S
C
C
C FIRST CALL TO RKF4S
C
C THE USER MUST PROVIDE STORAGE IN HIS CALLING PROGRAM FOR THE ARRAYS
C IN THE CALL LIST Y(CEMN) , WORK(3+6*NEQN) , IWORK(S) ,
C DECLARE F IN AN EXTERNAL STATEMENT, SUPPLY SUBROUTINE F(TY,YP) ANU
C INITIALIZE THE FOLLOWING PARAMTERS-
C
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C NEON .NUMOE OF EQUATbOfS TO BE INTEGRATED. (NEON .G9. 1)
C Y(*) -VECTOR OF INITIAL CONDITIONS
C T -- STARTING POINT OF INTEGRATION . MUST BE A VARIABLE
C TOUT -- OUTPUT POINT AT WHICM SOLUTION IS DESIRED.
C TwTQUT IS ALLOWE ON TME FIRST CALL ONLY, IN WHICH CANE
C 3116 RETURNS WITH IFLASwZ IF CONTINUATION IS POSSIBLE.
C RELEER.AIR -- RELATIVE AMS AISOLUTE LOCAL ERROR TOLERANCES
C WHICK MUST NE HON1-NEBATIVE. KELEM MUST BE A VARIABLE WHILE
C ABfIER NAT BE A CONSTANT. TME CODE SOUMLD NORMALLY NOT BE
C USED WITH RELATIVE ERROR CONTROL SMALLER THAN ABOUT 1.1-8
C TO AVOID LIMITING PRECISION DIFFICULTIES TME CODE REOJIRs
C RELER TOEN LARGER THAN AN INTERNALLY CONMTM RELATIVE
C ERROR PAIANITER WHICH IS MACHINE DEPENDENT. IN PARTICULAR*
C PURE ABSOLUTE ENROR IS NOT PERMITTED. IF A SMALLER THAN
C ALLOWABLE VALUE OF RELEIN IS ATTEMPTED, RKF45 INCREASES
C RELIR APPROPRIATELY AND RETURNS CONTROL TO TME USER BEFORE
C CONITINUING THE INTEGRATION.
C I FLA -- *1.-1 INDICATOR TO INITIALIZE TME CONE FOR EACH HEW
C PROBLEM. NOLUSAL INPUT IS .1. TME USER SHOULD SET IFLAGu-1
C ONLY WHEN ONE-STEP INTEGRATOR CONTROL IS ESSENTIAL. IN THIS
C CASE, KFA5 ATTEMPTS TO ADVANCE TME SOLUTION A SINGLE STEP
C IN TME DIRECTION OF TOUT EACH TIN IT IS CALLED. SINCE THIS
C NODE1 OP OPERATION RESULTS IN EXTRA COMPUTING OVERHEAD, IT
C SNOUD SE AVOIDED UNLESS NEEDED.
C
C
C OUTPUT FROM 31145
C
C Y(-) -- SOLUTION AT T
C T -- LAST POINT REACHED IN INTEGRATION.
C IFLAS w 2 *-INTEGRATION REACHED TOUT. INDICATES SUCCESSFUL RETURN
C AND IS TME NORMAL NODE FOR CONTINUING INTEGRATION.
C wn-2 A SINGLE SUICCESSFUL STP IN TME DIRECTION OP TOUT
C NUASUEEN TAKEN. NORMAL NODE FOR CONTINUING
C INTEGRATION OKE STP AT A TIM.
C & 3 -- IN7MTETICW WAS NOT COMPLETED BECAUSE RELATIVE ERROR
C TOLERANCE WAS TOO SMALL. UELMI HAS BEEN INCREASED
C APPROPRIATELY FOR CONTINUING.
C * 4 -. INTEGRATION WAS NOT COMPLETED BECAUSE MORE THAN
C 3000 DERIVATIVE EVALUATIONS WER NEEDED. THIS
C IS APPRNXINATELT 500 STEPS.
C *5 INTEGRATION WAS NOT COMPLETED BECAUSlE SOLUTION
C VANISNED MAKING A PURE RELATIVE ERROR TEST
C IMPOSSIBLE. MUST USE NON1-ZERO AUSERS TO CONTINUE.
C USING TME OKE-STEP INTEGRATION NODE FOR ONE STEP
C IS A GOO WAY TO PROCEED.
C u 6- INTEGRATION WIS NOT CO94MPED BECAUSE REQUESTED
C ACCURACY COULD NOT RE ACHIEVED USING SMALLEST
C ALLOWBLI STEPSIZE. USER MUST INCREASE THE ERIER
C TOLERANCE BEFORE CONTINUED INTEGRATION CAN BE
C ATTEMPTED.
C -7 -- IT IS LIKELY THAT RKF45 IS INEFFICIENT FOR SOLVING
C THIS PROBLEM. TOO NUCH OUTPUT IS RESTRICTING TME
C NATURAL STEPSIZE CHOICE. USE TME OKE-STEP INTEGRATOR
C NODE.
C .8-- INVALID INPUT PARAMETERS
C THIS INDICATOR OCCURS IF ANY OF THE FOLLOWING IS
C SATISFIED - NEON I.LE. 0
C TaTOUT AND IFLAO ME. +1 OR -1
C RELERR OR ABSERI .LT. 0.
C IFLAG .EG. 0 OR .LT. -2 ORt GT. 8
C U=E(*),IWORKC) -- INFORMATION WHICH IS USUALLY OF HO INTEREST
C TO TME USER UUT NECESSARY FOR SUBSEQUENT CALLS.
C WOK1...OKNO)CONTAIN TME FIRST DERIVATIVES
C OF TME SOLUTION VECTOR Y AT T. WORK(MEGNe1) CONTAINS
C THESTEPSIZE NTOBE ATTEMPTED ON THENEXT STEP.
C IWORK(1 CONTAINS TME DERIVATIVE EVALUATION COUNTER.
C
C
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C SUBSEQUENT CALLS TO SEP45
C
C SUBROUITINE KF45 RETURNS WITH ALL INFWNHTION NEEDED TO CONTINUE
C THE INTEGRATION. IF THE INTEGRATION REACHED TOUT. TUE USER NEE OIL
C DEFINE A NEW TOU AMD CALL W45 AGAIN. IN THE ONE-STEP INTEGRATOR
C NODE (IPLAE's-2) THE USER MUST KEEP IN MIND THAT LACK STEP TAKEN 1S
C IN THE DIRECTION OF THE CURRENT TOUT. UPON REACHING TOUT (INDICATED
C IT CHARGING IFLAS TO 2),THE USER MUST THEN DEFINE A NEW TOUT AND
C RESET IPLAG TO -2 TO CONTINUE IN THE ONE-STE INTEGRATOR NODE.
C
C IF THE INTEGRATION WAS NOT C IPTOD BUT THE USER STILL WANTS TO
C CONTINUE (IFLM.O3,4 CASES), NE JUST CALLS EF45 MGAIM. WITH IFLAG=3
C THE RELINE PARMETER HAS SEEN ADJUSTED APPROPRIATELY FOR CONTINUING
C THE INTEGRATION. IN THE CASE OF IFLAG84 TOE FUNCTION COUNTER WILL
C ME RESET TO 0 AND ANOTHER 3000 FUNCTION EVALUATION$ ARE ALLOWE.
C
C NOWEVER9IN THE CASE IFLAuS4, THE USER NU0S FIRST ALTER THE ERROR
C CRITERION TO USE A POSITIVE VALUE OF ABISE BEFORE INTEGRATION CAN
C PRCED. IF NE DOE NOT.EXEWUTION IS TERMINATED.
C
C ALSOIN THE CASE IPLAGN6 IT IS NECESSARY FOR THE USER TO RESET
C IPLAS TO 2 (OR -2 WHEN THE ONE-STEP INTEGRATION NODE IS KING USED)
C AS WELL AS INCREASING EITHER ASSERR.RELERR OSRBOTH BEFORE THE
C INTEGRATION CAN Of CONTINUED. IF THIS IS NOT DONE, EXECUTION WILL
C K TERMINATED. THE OCCURRENCE OF IFLA" INDICATES A TROUBLE SPOT
C (SOLUTION IS CHANGING RAPIDLY.SINGULARITY NAY K PRESENT) AND IT
C OFTEN IS INAVISABLE TO CONTINUE.
C
C IF IFLAGN7 IS ENCOUNTERED. THE USER SHOULD USE THE ONE-STEP
C INTEGRATION NODE WITH THE STEPSIZE DETERMINED BY THE CODE ORt
C CONSIDER SWITCHING TO THE ADAMS CODES DE/STEP.IHTRP. IF THE USER
C INSISTS UPON CONTINUING THE INTEGRATION WITH REP45, HE WuS RESET
C IFLAG TO 2 SEP05 BALLING REF45 AGAIN. OTHERWISE. EXECUJTION WILL KE
C TERMINATED.
C
C IF IFLAG4G IS OBTAINED, INTEGRATION CAN NOT K CONTINUED UNLESS
C THE INVALID INPUT PARAMETERS ARE CONNECTED.
C
C IT SHOULD K NWeD THAT THE ARRJAYS WORK,IWORK CONTAIN INFORMATION
C REQUIRED FOR SUBSEQUENT INTEGRATION. ACCOEINGLY, WORE AND IWORK
C SHOULD HOT SE ALTERED.

.C

INTEGER NEON. IFLAG. IWORE(S)
DOUBLE PRECISION Y(NEGN), TTOUT, RELERtR,ASSERRWORK(35O0)

C IF COMPILER CHECKS SUBSCRIPTS, CHANGE WOREKM TO UORK(3.6'NEGM)
C

EXTERNAL F
C

INTEGER EI,E2,K3,K(4.KS,K6,KlN
C
C
C COMPUJTE INDICES FOR THE SPLITTING OF THE WORK ARRAY
C

KINNNEWN1

K4240+mm
KSWANM
UK6-K.NEQN

C
C THIS INTERFACING ROUTINE MERELY RELIEVES THE USER OF A LONG
C CALLING LIST VIA THE SPLITTING APART OF TWO WORKING STORAGE
C ARRAYS. IF THIS IS NOT COMPATIBLE WITH THE USERS COMPILER,
C HE MU1ST USE REPS DIRECTLY.
C

CALL EKFS(F.HU.Y.T.TWLT,NELERR.ABURSERIFLAG.WORE(1 ).WORCK(KN).
I VWORE(),WORE(12),WOSE(K3),WORE(K4).WOR(K5),WORK(K6),
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2 UORK(C&KI).IWORK(l),IWURK(2),IUORK(3).IOEK(4).IUORC(5))

RETURN
EN
SUBROUTINE RKFS(F. NQN.Y, TTOUTRELERRABSERRII, FLAG,YP, N, F1, F2, F3.

1 F4oF5,SAVREESAVAE.NFEKOP.INITJFLAG,KFLAG)
C
C FEHLBERG FU5RTN-FIFTN ORDER RUNGE-KUTTA METHOD
C
C
C RSFS INTEGRATES A SYSTEM OF FIRST ORDER ORDINARY DIFFERENTIAL
C EQUATIONS AS DESCUIIED IN THE CO! HTS FOR RKF45 .
C THE ARRAYS YP.F1,F2.F3*F4,AND FS (OF DIMENSION AT LEAST NEON) AND
C THE VARIABLES NSAVRE.MVAEPFE,KP.INIT,JFLAG,AM KFLAG ARE USED
C INTERNALLY BY THE CODE AMD APPEAR IN THE CALL LIST TO ELIMINATE
C LOCAL RETENTION OF VkiIABLES DETWEEN CALLS. ACCORDINGLY. THEY
C SHOULD NOT BE ALTERED. ITEMS OF POSSIBLE INTEREST ARE
C YP - DERIVATIVE OF SOLUTION VECTOR AT T
C N - AN APPROPRIATE STEPSIZE TO BE USED FOR THE NEXT STEP
C NFE- COUNTER ON THE NUMBER OF DERIVATIVE FUNCTION EVALUATIONS
C
C

LOGICAL NFAILD,OUTPUT
C

INTEGER HEQNIFLAG,NFE,KOPINIT,JFLAG,KFLAO
DOUBLE PRECISION Y(NEQN),T.TCUTRELERRABSERR,H,YP(IEON).

1 F (IIQN) F2(NEQN), F3(HEQN), F(HEGN) FS(NEQN),SAVRE,
2 SAVAE

C
EXTERNAL F

C
DOUBLE PRECISION A,AE,DTEE,EEOET,ESTTOLET,NNIN,REMIN,RERS,

1 SCALE.TOLTOLN, U26,EPSP1,EPSYPK

INTEGER K,MAXNFE,NFLAG
C

DOUBLE PRECISION DABS,DMAXl,DNIN1,DSIGN
C
C REUIN IS THE MIHIIMUM ACCEPTABLE VALUE OF RELEUR. ATTEMPTS
C TO OBTAIN HIGHER ACCURACY WITH THIS SUBROUTINE ARE USUALLY
C VERY EXPENSIVE AiN OFTEN UNSUCCESSFUL.
C

DATA REMINI1.OD-12/
C
C
C THE EXPENSE IS CONTROLLED BY RESTRICTING THE NIUBER
C OF FUNCTION EVALUATIONS TO BE APPROXIMATELY NAXNFE.
C AS SET, THIS CORRESPONDS TO ABOUT SO0 STEPS.
C

DATA MAXNFE/2000O01/
C
C
C CHECK INPUT PARAMETERS
C
C

IF (NE•N .LT. 1) GO TO 10
IF (CRELEUR .LT. 0.000) .OR. (ABSEIR .LT. 0.000)) GO TO 10
NFLA.AIABS(IFLAG)
IF C(MFLAG .EQ. 0) .OR. (NFLAG GT. 8)) GO TO 10
IF (MFLAG .ME. 1) GO TO 20

C
C FIRST CALL, COMPUTE MACHINE EPSILON
C

EPS a 1.000
5 EPS a EPS/2.OOO

EPSPI a EPS + 1.000
IF (EPSPI GT. 1.000) GO TO 5
U26 - 26.-ODEPS
GO TO 50
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C
C INVALID INPUT

10 i FLAG"
RETURN

C
C CHECK CONTINUATION POSSIBILITIES
C

20 IF ((T .EQ. TOUT) .AMD. (KFLAG .ME. 3)) GO TO 10
IF (NFLAG .ME. 2) GO TO 25

C
C IFLAG a +2 OR -2

IF ((KFLAG .EQ. 3) .OR. UINIT .EQ. 0)) GO TO 45
IF (KFLAG .EQ. 4) GO TO 40
IF ((KFLAG .EQ. 5) .AMD. (CASERR .EQ. 0.000)) GO TO 30
IF ((KFLAG .EQ. 6) .AND. (RELERR .LE. SAVRE) .AND.

1 (ABSEU .LE. SAVAE)) GO TO 30
GO TO 50

C
C IFLAG - 3,4,5,6,7 OR 8

25 IF (IFLAG .EQ. 3) GO TO 45
IF (IFLAG .EQ. 4) GO TO 40
IF ((IFLAG .EQ. 5) .AND. (ABSERR .GT. O.OO)) GO TO 45

C
C INTEGRATION CANNOT BE CONTINUED SINCE USER DID NOT RESPOND TO
C THE INSTRUCTIONS PERTAINING TO IFLAGS5,6,7 OR 8

30 STOP
C
C RESET FUNCTION EVALUATION COUNTER

40 NFEwO
IF (NFLAG .EG. 2) GO TO 50

C
C RESET FLAG VALUE FROM PREVIOUS CALL

45 IFLAGwJFLAG
IF (KFLAG .EQ. 3) MFLAGwIABS(IFLAG)

C
C SAVE INPUT IFLAG AND SET CONTINUATION FLAG VALUE FOR SUSSEQUENT
C INPUT CHECKING

50 JFLAGuIFLAG
KFLAG&O

C
C SAVE RELERR AND ARSERR FOR CHECKING INPUT ON SUBSEWUENT CALLS

SAVREwRELERR
SAVAEABSERR

C
C RESTRICT RELATIVE ERROR TOLERANCE TO BE AT LEAST AS LARGE AS
C 2*EPS÷RENIN TO AVOID LIMITING PRECISION DIFFICULTIES ARISING
C FROM IMPOSSIBLE ACCURACY REQUESTS
C

RER=2.ODO'EPS+RENMIN
IF (RELERR .GE. RER) GO TO 55

C
C RELATIVE ERROR TOLERANCE TOO SMALL

RELERRxRER
IFLAG=3
KFLAG=3
RETURN

C
55 DTzTOUT-T

C
IF (NFLAG .EQ. 1) GO TO 60
IF (INIT .EQ. 0) GO TO 65
GO TO 80

C
C INITIALIZATION --
C SET INITIALIZATION COMPLETION INDICATOR,INIT
C SET INDICATOR FOR TOO MANY OUTPUT POINTS,KOP
C EVALUATE INITIAL DERIVATIVES
C SET COUNTER FOR FUNCTION EVALUATIONS,NFE
C ESTIMATE STARTING STEPSIZE
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C
60 INITNO

AwT
CALL F(A,Y*YP)
NFEu1
IF (T .ME. TOUT) 00 To 65
IFLA
RETURN

C
C

65 INITal
NESAMSOT)
TOLN0.O
00 70 KalNES
TOLERELERroABSCYCK) )A3SERR
IF (TOL .1E. 0.) 00 TO 70
TOLNUTOL
YPKwOAlSCYP(K))
IF (YPK*NS GST. TOI.) NOCTOL/YPK)'*0.200

70 CONTINEE
IF (TOLK .LE. 0.000) N-.0.000
NWO6MX(N.U2600NAICDA8SCT) .DA3S(DT)))
JFLAGOISION(2,IFLAO)

C
C
C SET STEPSIZE FOR INTEGRATION IN TNIE DIRECTION FROM T To TOUT
C

80 NNaSIIN(N,DT)
C
C TEST TO bEE IF RKF45 IS WING SEVERELY 114PACTED BY TOO MARY
C OUTPUT POINTS
C

IF (DAMSEC) .E. 2.OOD0A3SCDT) KOPICOP41
IF (KO .ME. 100) GO TO 85

C
C UNNECESSARY FREQUENCY OF OUTPUT

% KOP-O
IFLAB.7
RETURN

C
85 IF (DAMSCOT) GT. U26'UABSCT)) 0O TO 95

C
C IF TOO CLOSE TO OUTPUT POINT, EXTRAPOLATE AND RETURN
C

00 90 Ku1.NEUI
90 Y(K)aY(K)40T'YP(K)

AsTOUT
CALL F(AY,YP)
NFE=NFE~i
0O TO 300

C
C
C INITIALIZE OUTPUT POINT INDICATOR
C

95 OUTPUT= .FALSE.
C
C TO AVOID PREPTURE WIDERPLOM IN THE ERROR TOLERANCE FUNCTION,
C SCALE TIE EROR TOLERANCES
C

SCALEN2.ODO/RELERR
AENSCALVA3SERR

C
C
C STEP BY STEP INTEGRATION
C

100 NFAILDw .FALSE.
C
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C SET MALLEST ALLOWABLE STEPSIZE
C

NNINEU2i00ASCT)
C
C ADJUST STEPSIZE IF NECESSARY TO NIT THE OUTPUT POINT.
C LOOK AHEAD TWO STEPS TO AVOID DRASTIC CHANGES IN THE STEPSIZE AND
C THUS LESSEN TNE IMPACT OF OUTPUT POINTS ON THE CODE.
C

DTOTOUT-T
IF COAIS(DT) .11. 2.ODO*DBSCN)) GO TO 200
IF (DAhS(DT) .GT. DABCM)) GO TO 150

C
C THE NEXT SUCCESSFUL STEP WILL COMPLETE THE INTEGRATION TO THE
C OUTPUT POI NT
C

OUTPUTs .TRUE.
HOOT
GO TO 200

C
IS0 HuO.SO0O'T

C
C
C
C CORE INTEGRATOR FOR TAKING A SINGLE STEP
C
C THE TOLERANCES NAVE SEEN SCALE TO AVOID PREMATURE WNERFLOW IN
C COMPUTING THE ERROR TOLERANCE FWICTION ET.
C TO AVOID PROBLEMS WITH ZERO CrOSS1INGS.RELATIVE ERROR IS MEASURED
C USING THE AVERAGE OF THE MAGNITUDES OF THE SOLUTION AT THE
C BEGINNING AND END OF A STEP.
C THE ERROR ESTIMATE FORUiLA HAS SEEN GROUPED TO CONTROL LOSS OF
C SIGNIFICANCE.
C TO DISTINGUISH THE VARIOUS ARGUMENTS, N IS NOT PERMITTED
C TO BEOMSE SMALLER THAN 26 UNITS UF ROUNDOFF IN T.
C PRACTICAL LINITS ON THE CHANGE IN THE STEPSIZE ARE ENFORCED TO
C $YMOT THE IsTEIZE SELECTION PROCESS AND TO AVOID EXCESSIVE
C CHATTERING ON PROBLEMS HAVING DISCONTINRUITIES.
C TO PREVENT UNNECESSARY FAILUlRES, THE CODE USES 9/10 THE STEPSIZE
C IT ESTIMATES WILL SUCCEED.
C AFTP3 A STE FAILURE, THE STEPSIZE IS NOT ALLOWED TO INCREASE FOR
C THE NEXT ATTEMPTED STEP. THIS MAKES THE CODE MORE EFFICIENT ON
C PROLEMS HAVING DISCONTINUITIES AND MORE EFFECTIVE IN GENERAL
C SINCE LOCAL EXTRAPOLATION IS SEING USED AND EXTRA CAUTION SEEMS
C WARRANTED.
C
C
C TEST NUSSER OF DERIVATIVE FUNCTION EVALUATIONS.
C IF OKAY.TRY TO ADVANCE THE INTEGRATION FROM T TO T+H
C

200 IF CNFE I.E. NAXNFE) GO TO 220
C
C TOO MUCH WORK

IFLAG=4
KFLAGU4
RETURN

C
C ADVANCE AN APPROXIMATE SOLUTION OVER ONE STEP OF LENGTH H
C

220 CALL FEHL(F,NEG,Y,T,H,YPF1,F2,F3,F4,FS,F1)
NFEuNFE+S

C
C COMPOUTE AND TEST ALLOWABLE TOLERANCES VERSUS LOCAL ERROR ESTIMATES
C AND M31OVE SCALING OF TOLERANCES. NOTE THAT RELATIVE ERROR IS
C MEASURED WITH RESPECT TO THE AVERAGE OF THE MAGNITUDES OF THE
C SOLUTION AT THE BEGINNING AND END OF THE STEP.
C

EEOETWO.000
DO 250 K=INftN

ETvOASS(YCK))*4OMS(FI (K) )*AE
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IF CIT G6T. 0.000) @0 TO 240

C INAPPROPRI ATE ERROR TOLERANCE
IFLANES

240 EEOAISCC-2090.ODO*YP(K).C21970.0DO'F3(K)-1504.ODO0F4cK),n.
I C22523.000*F2(K)-27360.0OOOFSCK)))

250 EEOETO4NAX1(EEOETEE/ET)
C

ESTTOLuOAUSN)'EEOET*SCALE/752400.ODO
C

IF CEETTOL 411. 1.000) GO TO 260
C
C
C UNSUCCESSFUL STEP
C REDUCE THE STEPSIZE , TRY AGAIN
C THE DECREASE IS LIMITED TO A FACTOR OF 1/10
C

NFAILD .TMUE.
OUTPUTs .FALUE.
3W.0.10
IF CEITTOL .LT. 59049.000) 5u0.900/ESTTOL**O.200
NuS..
IF CDM3S(N) .GT. BURN) GO TO 200

C
C EUJESTED ERROR UNATTAINABLE AT SMALLEST ALLOWALE STEPSIZE

IFLA06m
KFLA006
KIWI11

C
C
C SUCCESSFUL STEP
C STORE SOLUTION AT T+H
C AND EVALUATE DERIVATIVES THERE
C

260 T=T+N
DO 27 K-1,NEGN

270 YCKWaI(K
ANT
CALL F(AY,YP)
NFEuNFE*1

C
C
C CHOOSE NEXT STEPSIZE
C THE INCREASEI1SLIMITED TO AFACTOR OF 5
C IF STEP FAILUIRE HIAS JUST OCCURE, NEXT
C STEPSIZE IS NOT ALLOWE TO INCREASE
C

SGS.00
IF CESTIOL .ST. 1.85956OD-4) S-0.900/ESTTOL**O.2DO
IF (NFAILD) SuONIN1(S,1.000)
H-OSIGN(DAXl(S-DABS(H),NNIN),H)

C
C END OF CORE INTEGRATOR
C
C
C SHOUL Il TAKE ANOTHER STEP
C

I F (MOUTM) GO TO 300
IF CIFLAG .GT. 0) GO TO 100

C
C
C INTEGRATION SUCCESSFULLY C MPLETED
C
C ONE-STEP MODE

IFLAGw-2
RETURN

C
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C INTERVAL NODE
300 TUTOUT

IFLAU2
REITURN

C
a.D
UJSOUTIHE FEHL(F,NEON.YT,H,YP,Fl,F2,F3.F4,FSS)

C
C FENLBEEN FOJETN-FIFTN ORDER RUNG-KUTTA NETHOD
C
C FEEL INTEGRATES A SYSTEM OF NEON FIRST ORDER
C ORDINARY DIFFERENTIAL EQJUTIONS OF THE FORM
C DY(I)/DTmFCTYM1.---TC(NEGN))
C WNRE THE INITIAL VALUJES YCI AND THE INITIAL DERIVATIVES
C YPCI) ARE SPECIFIED AT THE STARTING POINT T. FEHL ADVANCES
C THE SOLUTION OR THE FIXED STEP N AMD RETURNS
C THE FIFTH ORDER (SIXTH ORDER ACCURATE LOCALLY) SOLUTION
C APPROKNIATION AT T+N IN ARRAY MI1).
C F1.---.FS ARE ARRAY$ OF DIMENSION NEON WHICH ARE NEEDED
C FOR INTERNAL STORAGE.
C TEE FORILAS NAVE SEEN GROMMED TO CONTROL LOSS OF SIGNIFICANCE.
C FEEL SHOUD N CALLED WITH AN H NOT SMALLER THAN 13 UNITS OF
C ROUNDOF IN T SO THAT TEE VARIOUS INDEPENDENT ARGUMIENTS CAN SE
C DISTINGUIISHED.
C
C

1IN1EGER NEON
DOWILE PRECISION Y(NEON).TH.YP(NEaN).F1(NEOH),F2CNEON).
I F3CNEGN)*F4NEGN)9 FS(NEO),S(EON)

C
DOUSLE PRECISION CE
I NTEGER K

C...
EXTERNAL F
CNUHI4.000
DO 221 Kul*NEON

221 F5(K)=Y(K)+CN*YP(K)
CALL F(T+CN.FSFI)

c
CNw3.ODO*N/32.ODO
DO 222 Ku1,NEGN

222 FS(K)UY(K)+CNr(YPCK)*3.ODOF1 MK))
CALL FCT*3.0 W N/8.ODO, F5, F2)

C
CN=H/2197.ODO
00 223 K-1,HEU

223 FS(K)=YCK).CNH(1932.ODOPYPCK).(729.ODO*F2CK)-720.ODO*FI (K)))
CALL F(T+12.ODO*N/13.ODO.FS,F3)

C
ONBN/4104.0OO
D0 224 K.1,KNEO

224 FS(K)UYCK).CN'CC8341 .GDO'YP(K)-845.ODO*F3CK))+
I (29440.ODO0F2(K)-32832.ODO'F1CK)))
CALL FCT+H.FSF4)

C
CN*N/20520.ODO
DO 225 KulNEON

225 FI(K).Y(K).CE(C-6080.ODO*YP(K).C9295.000*F3(K)-
1 564.ODO*F4CK))).C41060.ODO*F1CK)-20352.ODO*F2CK)))
CALL FCT.HI2.ODOF¶*FS)

C
C COMPUTE APPROKINATE SOLUTION AT T+H
C

CN=NI761 M O.ODO
DO 230 Kul*NEGN

230 SCK)UYCK)WCr( 902880.OO*YP(K)+3a55735 .ODOF3K) -
I 1371249.0DO*F4(K))).c3953664.ODOF2(K)+
2 277020.0DOFS()f

C
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